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FOREWORD 


tills report was prepaired by Convair Aerospace Division of General Dynamics ~ 

San Diego Operation under Contract NASl-9793 for the National Aerondlitios and Space 
Administration, Lan^ey Research Center, Hampton, Virginia* R was administered 
under the direction of the Materials Division, Materials Researdi Branch, with 
Mr. D. R. Rummler acting as the Technical Representative of die Contracting OMcer. 
The Convair program manager and principal designer dirou^ Phase I and Phase n 
was W, E. Black. Mr. Black served as program manager during Phase HI until his 
resignation. J. W. Baer was fg^inted program manager for the completion of the 
contract* Mr. Baer had previously served as deputy prc^ram manager and in program 
process development. Other Convair personnel udio participated in tfiis program were 
R. S. Wilson ^structural analysis), A. M. Roberge (thermodynamics analysis), 

R. W. Qllbeit (environmental testing), O. H. Moore (acoustic testing), and G. L. Getllne 
(acoustic fatigue analysis), hi addition the subcontract support is acknowledged for . 

W. G. Burnett (Burnett hidustries - TPS component machining), L. «T. Robles (Electron 
Beam Welding, Inc, , - TPS component welding), L. Sama (HiTemCo - ooatii^ aPPUca- ■ 
tion), and S. J. Gerardi (Vac-Hyd Processing Coxporation - coating igq[>lioation). 

This report covexsiheLPhase HLperformance period foom February 1973 to 
March 1974. 
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1 SUMMARY 

This report concludes a three-phase study program to develop and evaluate coated 
columbtum alloy heat shields for the reentry environment of a Space Shuttle orbiter. 

Based ott the alloy assessment and seleotilon of Phase 1 and the material system and 
heat shield configuration evaluation of Phase II» a Ml-scalet vehicle-applicable thermal 
protection system (TPS) was designed into test hardware* 

The configuration evaluated herein consisted of one primary heat shield thermally 
and structurally isolated &om the test fixture by eight peripheral guard panels all en- 
compassing an area of approximately 12 ft^ (1, 1 m^). The TPS consisted of tee-stiffened 
Cb-762/R-612E heat shields, bi-metallic support posts, panel retainers, and hl^- 
temperature insulation blankets. The vehicle primary structure was simulated by a 
titanium skin, frames, and sttffeners. 

Standard manufacturing processes were used to fabricate all of the components. 
Extensive use was made of dLectron beam welding which significantly reduced the amount 
of j:raw material required when compared with the similar components of Phase H. The 
total system cost, including heat shields, support system, and insulation, was $500Ab 
($110lAg). The unit weight of the test hardware with Flberfrax H insulation was 4. 88 
lb/ft2 (0.21 kg/m^) or 19-perC«it under the limit of 6, 0 lb/ft?”(0. 26 kg/m2) established 
at the beginning of the program. The unit weight could be ftirther reduced for fll^t- 
reaefy TPS to 4. 72 Ib/ft^ (o, 199 kg/m^) when the hardware is sized using the Improved 
thermal properties of Flberfrax H insulation over Dyna-Flex. When projected for one 
ship set of 24 heat shields and. associated components, a cost of $342 Ab ($753 Ag) is 
indicated. 


Testing of the nine-panel TPS array consisted of -100 boost acoustic cycles to 158 dB 
overall sound pressure levdl (QASPL) and 50 reentry thermal cycles to a programmed 
2400* F (1689®K) surface temperature at reduced pressures. The specimen SuccessMly 
oomideted 50 pre-thermal and 50 post-thermal acoustic tests without experlench^ any 
failures attributable to ihe acoustic pressure loading. After completing 60 thermal 
cycles, Ihe test specimen was determined to be in excellent condlttcm with no problems 
related to thermal/structural design. Several oxidatiott sites were evident and were 
readily identifiable, and Were repaired* Components such as retainers, bolts« and 
heat shields were removed without difficult enabling Inspection, refiirbishment, repair 
or replacement. . 

Similar to Phase n, the methods of analysis employed proved highly reliable. Cal- 
culated mar gjna of safety were verified under acoustic exposure. The temperature dis- 
tribution analysis was accurate and slightly coaservafive. With an average heat shield 
surface temperature at file center of the array of 2408** F (1593*K), the corresponding 
titanium skin sustained 625* F (547**K). 
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Clearly, maj(ir (Questions of TPS aooessabillty, refurbishablltty, and durability 
have been affirmatively answered during fills program. Those problems whloh did 
arise during the test program were largely design t manufacturing and quality control 
omissions, attributed malitty to fiie mnphasls on program cost reduction. Most of 
these were peculiar to file test specimen and test conditions and have no r^tlonshlp 
to flight hardNvare. 


2 INTUODUCTION 


The oconomioal development of manned i^stems for outer spaoe depends on the 
development of low-cost, lightweight, reliable systems employed on reusable reentry 
spacecraft. The NASA ^proaoh to this development i . to provide vehicles ot^able of 
oartli landings and possessing the aerodynamic maneuvering characteristics of aitoralt 
and yet able to \vifbstand spacecraft reentry temperatures. ...This system has been 
designated die Spaoe Shuttle. . .. 

The key element in the success of these vehicles is the thermal protection system 
<TPS). ft must be oi^able of withstanding the structural static and chmamic loads as 
well as dissipating the frictional heat in aerodynamioally slowing down the vehicle. One 
promising TPS concept from a rellabUlty, InspectabUUy, cost* and reusability ctand- 
polnt utilizes metallic radiative heat shields. It Is toward columblum alloys as applied 
to heat shi^ds operating in the temperature range of 2000 to 2400* F 11366 to 1589* k\ 
that this stu(fy has been directed. 

The principal objective has been to evaluate coated columblum all<^ thermal protec- 
tion systems by a logical sequence of analytical and experimental investigations Involving 
simulated mission and environmental conditions. These efforts were directed toward the 
selection, characterization, and design of one material system <i. e., one columblum 
all<^ with one coating), one heat shield configuration, and one siqjport ^stem with 
insulation. Reported herein are the results of the final phase, of. this three phase study. 

Phase I (Refermce la) was initiated by -SeLecting a moddl vehicle with an associated 
total environment from prelaunch to landing. This vehicle and environment would be the 
basis for the design conditions, design criteria, and test conditions used throughout the 
program. This selection was followed by an experimental and analytical evaluaticn of 
the properties of the material systems as applied to heat shields. Phase I 
with the selection of two material systems (Cb-752/R-812E and C-129Y/R-512E) for 
further application and evaluation in Phase H (Reference lb). . 

Phase n consisted of two parts involving two types of panels. Part’ 1 entailed the 
analytical investigation of several heat shield configurations. The two most promising 
oonce^s were selected for subsize panel fabrication and testing. Prom this was selected 
the better performing of the two material systems <Cb-762/R-512E) for further, larger 
scale evaluation, A complete TPS (l.e., heat shields, support structure, and hisulation) 
woB theft fabricated for each of the two coftflguratlofts for testing uftder hot gas flow and 
radiant heat with applied loads at reduced pressures with supplemental acoustic testing, 
aim investigated were the forming, machining, and joining methods to bo used for the * 
fabrication of complete thennal protection systems. Based on the total performance of 

the two TPS configurations, one concept was selected for full-scale, full-size system 
evaluation in Phase m, • jr . 
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Tv,-© typos of TPS were designed, fabricated, and tested during Phase ttt. One was 
designed for testing in the NASA Langley Beseatvh Center Thermal Protecstlon System 
facility (TPSTF), This specimen Is intended to stu^y the effects of hot gas flow on paral- 
lel and transverse heat shield Joints. Testing Of this specimen will be undertaken 
independently by NASA after completion of this program. The Second specimen was a 
fuU-scale, nine-panel coniigaration representative of an orblter vehicle lower surface. 
This specimen was ei^sed to simulated mission duty cycles consisting of combined 
thermal and acoustic testing to verify structural adeqpacy. Phase in demonstrated the 
structural and thermal adequacy and the manufacturability of full-siaed, coated colum- 
blum alloy thermal pi-otection systems and provided data necessary to project the 
performance and cost of these systems for Space Shuttle vehicles. 
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3 TPa DESIGN 


No Blgnlficant changes wore nude In TPS oonftguratlon as a result of the Phase H 
test series. Those modifications that wore made primarily were for fabrication ex- 
pediency. Much more use was made of welding In order to minimise the amount of 
matcrlfd scrap resulting from the extensive machining e"\ployed l.r the small slxe TPS 
fabrication*. An esqploded assembly view of the heat shield and support system Is shown 
In Figure 3-1. 


3, 1 Nine-Panel Test Specimen 

The nine-panel specimen was designed to completely isolate one panel from oxti a- 
ordlnary thermal/struotural Influence of Sie holding frame. This he. t shield and thi. two 
adjacent transverse panels Ixad nominal dimensions 12; 00 in. (30.48 cm, by 16. ' in. 
(40.64 cm). All other panels had modifications of the forward or aft fli iges k necom- 
modato the holding frame. The total array was 40. 90 in. (103. 89 cm) ; D . ' in. 
(137,03 cm) by 6.43 in, (16,33 cm). The ftiUy assembled nit- uel spet rmn Is 
shown In Figure 3-2. 

Two views of the holding fixture are shown in Figures 3-3 and 3-4., The edge 
members and clips were formed from cobalt base alloy (HS-188) sheet stock. Simu- 
lating tiie primary structure were titanium alloy (TI-6A1-4V) skin and stringers, and 
unalloyed tltanltnn frame members. Standard aerospace assembly methods were used 
on this fixture. 

The sui^rt posts separating the heat shields from the primary structore were 
designed such that the maximum temperature of the cobalt alloy, HS-28 (L-606), lower 
post was to be 2000* F (1366* IQ, These posts Were internally fitted with discs of blanket 
tnsr‘'atton to minimize radiant heat transfer. The upper posts were of Cb-762 attached 
to the lower posts two dispersion strengthened nlckel-20% chromium alloy (TD- NlCr) 
screws* The heat shields are assenbled In a shlngd^d manner In the fore and aft direc- 
tions. A panel is fixed to a center support post afa point at the center of trailing edge 
and permitted to e^qpand In the forward direction. Tho center retainer Is attached to • 
the posts by a TD IfiCr bolt. Tee-momber longitudinal edge retainers restrict air pas- 
sage and penntt free expsinsion of the heat shields and are attached to the comer posts 
by a TD NlCr bolt. . A Cb-762 plug Is Inserted Into each of the six posts and threaded 
onto the TD NlCr bolt. All of the TD NlCr fasteners were coated with a proprietary 
alumlntde to minimize any potential reaction with the R-512E slllctde coating (S1-20C- 
20Fe) of the Cb-762. The system Is Ihsulated with 16 layers of nominal 0. 26-lnch 
(0, 64 cm) thick Flberfrax H blanket Insulation located between the outer heat shield 
and the skin of the primary structure. The assembly drawing of the nine-panel array 
(76C0104) and the major component detail drawings (76C0103 , 76C0106, 76C0106, and 
76C0l08) are shown Ih Figures 3-6, 3-6, 3-7| 3-8, and 3-9, 




Eigure 3-3, View Looking.iPown on Nine-t^anel Array Holding Fixture (133648B) 



Figure 3-4, Exterior View of Nine-Panel Array Holding Fixture- 
Cooling Tubes for HS-188 Frame Not Shown (133649B) 
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Figure 3-9, Heat SiidW Pan^ — Final K^? ined 










d,2 Tl>STF ^cimen 


A specimen emplo 3 ring the same basic TPS structure was designed to investigate the 
effects of hypersonic flow in the NASA LaRC Thermal Protection System Test Facility. . 
The overall specimen siae is 24 by 36 by 6. 6 inches ^61 bs^ 91 by 17 cm). The holding 
fixture was fabricated tyom HS-188 i^eet.. The simulated vehicle primary structtme 
consisting of skin, frames, and stringers was fabricated from titanium. Two views of 

structure are shown in Figures 3-10 and 3-11. Figure 3-10 shows the Stzuoture with 
the lower TPS support posts <HS-25) installed and reaty for insulation installation. The 
specimen consists of three heat shields, one of vMch is completely isolated as the 
central test paxml as shown in Figure 3-12 ^600109). Adjacent to the heat Shields in 
the transverse direction are auxiliary panels <7600110) to separate tibe main heat shields 
from the holding fixture. The details of these edge panels are shown in Figure 3-13. 

The completely assembled TPSTF test specimen is shown in Figure 3-14. 

3. 3 Design Changes - Hiase n to Phase in 

Modifications were made in full-scale hardware designs from those tested in Phase 
II to improve fabrication efficiency and to reduce material costs. Extensive use was 
made of electron beam welding to reduce wei^t and material costs and to minimiz e 
machining operations. Both the total system cost and unit weight were reduced in the 
final full-size design, resulting in a net cost/weight saving of aK>roxlmately 4-percent, 
with material costs reduced 70-percent and fabrication costs 21-percent. Material 
changes were made in the lower temperature regime, with the bottom portion of the two- 
section support posts being changed'to HS-26 (L-605), a cobalt base alloy suitable for 
Service to 2000” F (1366” K). The aluminum silicate plus chromia fiberous insulation 
(Dyna-Flex) was replaced with Flberfirax H insulation with a density of only. 6* 0 pcf 
(96 Kg/m^). This material is coxhpoSed of aluminum silicate fibers and does not re- 
quire a bakeout to remove undesirable binders. 
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Flgui'e 3-11. Hottom Vliw of TPSTF Array lioldiiiK' I'ixlurc (134036B) 




























T i < T 


IQBIII 


-©01 RtTAlMCR \ 


-.2 Ofr 


,25 lOCOlOC*^ 


. .M ,25 ItM 

VtW08*5-" /- *41 

^ ,x- 


rwMt A^t»t 
Ut t riC4 


SB! 


■ stvi^bsscsh 

■SHFEEJ:! 


BMM9! 


■■Mil 

]g» 

anal 

ami 

SSSi 
iSSi 

i ^iaai 

■ — gaai 

ias 

□mi 

□caai 

sss9L 

iBDir^ 

larai!^ 


ssssssssssassi 


^^Sssa^Rs^^s 
'^^^Sgai aaffltaasag "' 

SI 

g 

gcii 

8oi 

□ESI 

□m^ 


CaUWVBIMM fto 




IQCIIEI^ZS 
iGEai! 

■nm' 

IGI 


ncnaro^K 
oaqs 

3D[;js 
□aji 


ii V Stf MtWVO 


g 




I llX 1 > U 0 & 1 ^ . 

I e 




nST ARRAY 
COtUMBiUM ALIOY TPS 
NASA TPSTP „ 


7GCO\Q3 


nmre 3-i2. TPSTP Test Specimen Assembly and Details 


irxcoio9 













1 ' 


n 


% 


24 


OF THE 

OfilOlNAL PAGE IS POOR 








Figure 3-13. TPSTF Edge Heat Shield Panels 
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TaMoS 3-1 and 3-2 define the most significant changes made to standard thermal 
nrotectlOn system hardware as a result of Phase II testing and post test eval^tlros. 

The maiorS of the changes were made to Improve manufacturing and material efflclen- 
oTs mcM ^ dlscue^d in Section 4. Fabrication. A number of changes were made 
to expedite and to reduce the costa of Phase m, some tor Phase m e<mnomy ^ 
dlenT but with englneprlng Implleatlons, and others were tor Improved strueturaLor 

functional design* 


Typical of design changes made to expedite and to reduce the costs of Phase m, 
was toe standardization of material thickness for the flanges on center ^ ^ 
retainers and on the upper support posts,, and for toe cap and stiffener of ' 

tainers. All tepering of edges of protruding surfece h^dware ®ltatomt^ for 
Phase m as unnecessarjr for test hardware. Rectangular , ® ^ 

were used for economy throughout Phase IR. It is recognized that wito flight 
and quantity production, weights, air flow and geometrj^ can become critical.and de- . 

signs would be modified as required. 


Changes having engineering implicattons but made primarily for Phase m ec^my 
and ejtoediency are exemplified by the material changes to lower su^rt ^ 

Phase m, the TD NiCr bar material used for Phase H was unavailable ^d a substttute 
was required. ttS-188-was selected but its avaflability and cost directed the change-to 
a two^lcce, brazed assembly with a.HS-188 flange and a HS-25 (L605) post. 


Another example was the redesign of the upper center support posts non^ 
integral keying lugs oh the top surface. Heretofore fillet welding for coated columbium 
hardware was not considered because of problems with weld q^ty, entrapped air, 
consequences of failure. For the iq)per center post of Phase HI, it was judgedisat ^ 
factoiy to fillet %veld %vith the electron beam process which produces the highest 
weld ^d without entrapped air. The probabiUty of weld or coating failure or of toe part 
failing as the result of fillet welding djjring the Ufe of the tests were considered to be 

extremely remote. 


Certain other changes to Phase R designs were made for Phase RI hardw^; 
changes required to improve toe thermal-structural design, to rectify engtoeering over- 
si^ts, or to Improve the fiincttonal aspects of the hardware. Changes to the post 
retainer bolt, toe retainer post and the post filler pfug are examples. 


The thread size of toe retainer bolt was increased to 1/4-28 in order to reduce toe 
fastener stresses and to Improve the reliabflity of these fasteners when car^g 
Umaiy loads. The integral washer was increased in diameter to ifopi^ve the hewing 
of toe fistener on toe retainer post and to reduce the bending stress in toe fastener. 
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Table 3-1-, New and Bedesigoed Standard TPS Hardware - Phase n to Phase HI (Cont*d) 
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Table 3-1 . New and Redesigned Standard TPS H^dware - Phase EL to Phase m ([Cont’d) 





Table 3-r2 , New and Redesigned Standard Heat Shield Panels - Phase n to Phase IH 
























Its thickness was Increased to reinforce the bottom of the hexagon drive socJ^t ^d to 

permit It to act as a hoop stiffener for the socket. To minimize the problem of the 

fastener splitting when being removed, the depth of the hexagonal socket was Increas 
for Phase in retainer bolts. 


The Increase in diameter of the washer on the retainer bolt required an Increwe 
in diameter of the retainer post. At the same time the waU thickness vms reduced by 
0.003 inch (0.076 mm) and a reinforcing shoulder was added at the top for increased 
strength. The latter changes were made to reduce the thermal path throuf^i the retainer 

post and to rectify a drafting error of Pliase H. 


Simttarly the diameter of the head of the post fiUer plug was increased to 
modale the larger hole in the retainer post and the wall thickness was reduced 0. 015- 
inch (0*38 mm) to reduce the thermal path* The depth of the hexagonal drive eocke 
was increased to afford a better- grip for the removal tool during disassembly. 


The outlined changes in the panels in Table 3-2 %vere all' made for economies in- 
manufacturing and in materials and had no significant engineering implications. 

The change made in insulating material from Phase n to Phase ffl had little impact 
on cost or falmicabilify, but did have engineering implications in that it effected^ 
performance and weight of the TPS. .Fiberfrax H blanket insulation (a product Of the 
Carborundum Co. ) replaced Dyna-Flex <a product of Johns-Manville). TMs change 
was made in an effort to increase the system thermal efficiency, reduce the unit wel^, 
increase the ease of handling after exposure, and to. evaluate an insulation material 

without a-binder. 


It had been noted previously when conducting thermal tests in a chamber heated by 
quartz lamps that a specimen containing an insulation with a binder required outgassing 
prior to insertion into the chamber. The consequences of not outgassing were excessive 
smoke and deposits on the quartz heating-lamps or tubes. 


The initial selection of PiberfraX H was based on the work of T. A. Hughes 
^ference 2 ) viio determined that the material provided ’’excellent performance” 
under a simulated space shuttle environment. Subsequent investigations at 
confirmed that the insulation had an acceptable dimensional stability and retained its 
flexiblUty after 100 hours at 2400’F (1689’K). The samples evaluated ^ 

Fiberfrax II was approximately 33-percent more thermally efficient at 2400* F (1589 K) 
tlian Dyna-Flex on the basis of the conductivity-density i»roduct (kp). Finally, the use o 
Fibcrliax H at a nominal density of 6 Ib/ft^ <96 kg/m3) would enable a significant 
reduction in system weight* 
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4 FABRICATION OP TPS IIAilDSKABIL 
4.1 General 

The fabrication of test hardware for the metallic thermal protectlcm system employed 

standard manufacturing processes and techniques and Included machining* electrical 

discharge metal removal* electron beam .weldli^* brazil^* vacuum heat treating and 
creep flattening* and standard sheet metal processing. Only the use of oolumblutn 
alloys and the oxidation resistant coatings might be ocmslderCd as unconventtonal* 

When considering the design of hardware for Phase lU of this program* It became 
evident from a review, dt Phase. H fobrlcatlon that substantial savings could be eifeoted 
through better material use and Improved fabrlcatltm processing. The efficiency and 
effectiveness of electr<m beam welding for heat shield hardware had been clearly demon- 
strated during Phase II. This process had permitted the joining finished machined 
parts wlth(Xit the usual problems of distorticm nonnally associated wlih fusion weldli^. 

Therefore* each detail* element* subassembly* and assembly for the Phase in hard- 
ware was evaluated. As a result* each Item of hardware for the Phase IH TPS was 
redesigned for Improved material costs or availability* or to reduce the manufacturli^ 
costs. Material costs were.c(mslderably reduced by emplqjrlrg built-up welded sections 
for post or tube to flange assemblies* and for long* thin tee members which prevloudy 
were machined from solid bar. 

Examples of this are shown In Figure 4-1 with arrows denoting electrm beam welds. . 
This figure shows a center retainer and two styles of upper support posts* all of udilch 
were prevlmisly machined from solid bar* and a longitudinal edge retainer assembly- 
previously made of two parts machined from solid bar and Joined by welding. Each post 
or tube shown Is a completely machined Item joined by electron beam-weldlng to a partial- 
ly or completely machined flange. One support post has two rectai^lar keys vMch were 
circumferentially welded by electroa beam after all machining was completed. The panel 
edge retainer shown is mbrloated of two subassembUes. The tube and flange assembly 
conslsth^ of completely machined detafls welded by the electron beam, and a tee member 
made-of a cap and a sttflener* both of which were oompiet^yedge-flnlshed or edge radl- 
used and jclned by a linear* electron beam weld. The ttvo snbassembltes 

are joined wlthn. short linear* tatm-throu^ tee weld between the flange and flie stiffener 
and a transverse butt wdd betwemi the cap and the flange. 

Extensive material cost reductions resulted from the redesign of the panel edge beam. 
These beams were originally machined from a sln§^o size Of solid bar. As redesigned to 
a built-up member* .It ccmslsted of a rough-machtnedl-sectlon* interchangeable for all 
panel beams, and a thin flange*taUored to the desired width before electron beam welding 
to the 1-sectlon. This construction is detailed in Figure 3-8. 











Hgore 4-1* Welded Columbium Panel Retainers and Upper Saj^rt Posts (136947) 



Another Mg*i cost erect examined involved the edge finishing or raUuslng of oomers 
and edges of all columbittm alloy hardivare to permit efficient slUelde coating* Whatever 
possible* the radiuslng operation Was done during detail machining, or by vibratory mech- 
anical ftnishing equipment rather than by hand radlusing in assembly as in I^e n. In 
this way, parts are welded into final assemblies requiring little or no hand radlusing. On 
the heat shields) the edges of all twelve rib cap members were finish machined and mech- 
anically radiused before welding. 

One other reduction in hand radlusing on the panels was accomplished on the inboard 
edges of the closeout beams which had been step-machined to receive the rib caps for 
welding* The removal of this machined step and the radlusing of the edge after welding 
was required on the beam edges between each beam to cap weld* For Phase in panels, 
the st^ removal and radlusing was accomplished by utUlaing the versatile electron- 
beam to melbdown the step and to bulb and radius the edge* 


4.2 Matmlals 

The used in the fabrlcatiaa of the TPS test hardware were: (1) columblum 

alloy Cb-762 for the heat shield and guard panels, panel retainers, the upper support posts, 
and plugs; • (2) the dispersion strengthened nickel alloy, TD NlCr, for the threaded fasten- 
ers; (3) cobalt base alloys HS-26 (L-606) and HS-188 for the lower half of the support 
posts; (4) resistant coatings for col^hlum and for TD IdCr; (6) hl^ temper- 

ature fibrous Insulation blankets* 

4*2*1 Metals. - The columblum alloy used was C5b-762 (Cb-10W-2*5 Zr) produced Iqr 
Wah Chang Albany Corporation, Albany, Oregon and furnished in the fully reoiystalUzed 
condition. Typical chemical compositions taken from, supplier certifications are present- 
ed in Table 4-1. 

TD NlCr was stg)pUed from NASA Contract NAS1-116S4 from material produced by 
Fansteei under NASA Contract NAS3-13420* The chemical analysis of this material is 
given in Table 4-2* 

Both HS-25.(li-606) and HS-188 are commercially available cobalt base alb^s produc- 
ed by the Stellite Division of Cabot Corporation, Kokomo, Indiana* Typical chemistries of 
these eUoys are given in Table 4-3* 

4*2*2 Ssayoga.- Coafings used were a siUoide coatlng.for the Cb-782 ami an alumlnide 
coatltig ter the TD NlCr* The columblum coating was R-612E, a Sl-20% Cr-20% Fe fused 
suicide coating applied by HlTemCo* This ooatlflg was applied to oolumblum hardware 
following chemloal or mechanical cleaning* Chemical cleanii^ was acconoplished in a 


35 


Table 4-1* Chemioal Analysla of Pliase ni TPS dolumbiuin Alloy Cb-782 



Heat Tteat Condltloii: FtiUy Reorystalliaed 
Fonb: Sheet* .Bar, and Rod .. .. 



bigot Analysts - Percent by Weight 


gl6mfiBl= 

Heat 

77043 

Heat 

77040 

Heat 

77059 

w 

10.2/10.2 

0. 5/9.4 

9. 3/9. 5 

Zr 

2. 5/2. 6 

2.5/2. 5 . 

2.4/2. 6 

Cb . . 

Balance 

Balance 

Balance 


A1 


<20 




C 


60/<40 


40/50 ppm 

40/30- ppm. 

Co 


<10 






Cr 


<20 






Cu . 


<40 






Fe 


<50 






B 


<5 


<8 


<5 


Hf 

• 

790/770 


<500 

, 

<600 


Mg 


<20 






Mn 


<20 






Mo 


300/300 






N 


46/27 


70/60 


60/60 


Nl 


<20 






O 


70/<50 


80/100 


140/100 


Si 


<60 






Sn 


<10 





Tn 


4000/3600 ! 


4000/4000 ppin . 

41OO/46.0QPpm 

Y 

\ 

160/100 ppm 
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Table 4-2. Typical Chemical Aitalysls oi 

TD NiCr for Phase HI Fasteners 


Alloy: 


Ni-aoCr-aThOg 


Heat Treat Condition: 


Partial Stress Relief (see note) 


Form: Hod 

Heat Number: 3844 

Source: .Fansteel Inc., Metals Division 

NASA-Lewis Contract NAS3-13490 


NASA-Langley Contract J^ASl-11664 . 


Chemical Analysis - Perc«it by Weight 


Carbon: 
Sulphur. 
Chromittm: 
Thoria (ThOg): 
Nickel: 


0.010 

0.0061 

19,79 

1.42 

Balance 


Note: Additonal Stress Relief accomplished during 
coating @ 2000”F (1366*1C) for 1 hour. 


Table 4-3, Typical Chemical Ccn^sltion 
Cobalt Base Alleys for Phase m, 


Heat Treat Cohdttioii: AimSaled 
Perm: Sheet and Bar 


Chemical. Composition - Percent by Weight 


aemait 

HS-28 

Heat 

1860-2-1218 

Cr 

19.70 

W 

14.55 

Fe 

2.15 

C 

0.09 

Si 

0.10 

Co 

Balance 

Ni 

10.30 

Mn 

1.40 

P 

0.019. 

S 

0.007- 

La 



HS-188 

Heat 

1880-2-1611 

HS-188 

Heat 

1880-2-1617 

22.50 

22.40 

14.50 

13.94 

1.90 

1.53 

0.09 

0.09 

0.35 

0.31 

—Balance 

Balance 

21.40 

22.40 

0.76 

0.73 

0.010 

0.011 

0.008 

0.007 

0.071 

0.058 
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HNO -HF acid solution, and meohanloal cleaning was by grit blasttog wlfli Iron particles. 
The coating idurry was cqpplied by dipping and spraying with all edges overcoated or bead- 
ed using a miniature striping roller. Spray overcoating was employed on edges when the 
geometry of apart prevented using the striping roller. After coating application, the 
parts were air dried at room temperature, followed by insertion into a high temperature 
vacuum ihimaoe where they were baked at a low temperature, 400 to 600* F (478 to 689* K) 
to remove the coating binder and other volatiles. The furnace temperature was then 
increased to 2600* F (1700* K) where the coating .fused and flowed evenly over all surfaces 
of the parts. This temperature Was held for 60 minutes, under a vacuum of less than one 
micron (133 mN/m ) and the parte were then furnace cooled to room ten^rabg?e. The 
thickness of the unflred or ’’green*’ coating was specified to be 20 to 25 mg/cm , which 
resulted in a fused coating thickness of 0.003 (0.076 mm) to 0.004 inch (0.102 mml. 

All TD NiCr f ast^ers were coated wltii an aluminide to increase aoddation resistance 
flwd as a protective measure to avoid- any Incompatibiliiy between the TD NlCr and the 
silicide coatings on the oolumbium. Tills coating Is a Vac H3rd proprietary aluminide, 
VH-28 (Cr-Co-Al-Y). 

4.2. 3 Insulation - The high temperature insulating blanket material selected.for use 
betwemi the metallic heat shields and the primary load-carrying structure was Flberfrax 
H. This material is a product of the Carborundum Comparqr of Nit^^ara Falls, New York. 
It is composed of alumina sUicate (62% AI2O3 - 38% SiOg) ilbex's having a fiber diameter 
range of 2 to 4 mici'Otts (2 to 4 ^), a fiber length up to 0. 5 inch (12. 7 mm), and a melting 
temperature above 3500* F (2200* K). The material was oi-dered in an nominal thickness of 
0.25 inch <0. 64 cm) and a nominal density of 6 Ib/ft^ (96 kg/m^. The material received 
had an avei^e thickness of 0. 33 inch (0. 84 cm) and a calculated density of 5. 71 Ib/ft^ 
(91,4 kg/m% This waS compressed during installation to a density of 7« t Ib/ft^ 

(113.7 kg/m^). 


4.3 Test Hardware 

The test hardware for Phase III Involved tee-stiffened heat shields, ed^e retainers and 
hold.down8y insulati<m, and suppoirts for one nine-panel test array and for the TPSTF arr^. 
Eaoh pand was approximately 12 inches (30. 8- cm) wide by 16 inches (40.6 end long. The 
depth of tile complete TPS including the high temperature fibrous insulation and panel sup- 
port posts was 4.4 inches (11.2 cm). 

Figures 4-2 and 4-3 stow one of the oonqideted tee-stiifened heat shields reaity for 
test. These panels wore completely assembled by electron beam welding, each panel con- 
taining over 33 feet (10. 1 m) of weld apfilled without straightening or intermediate heat 
treating- of tiie panel. 


r 


j 
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The panel skin, ribs and rib cap strips wore first cleaned and then assembled into weld 
tooling for electron beam welding* The hard-chrome idated copper tooling shown In 

Ftgores 4-4 and 4-5 was designed to permit the completion of all the burn-through 

tee welds on both panel &tccs witliout removing the assembly from the 
tooling. The mai dmum distortioa resulting from Ibis welding was 0* 060 inch (0. 127 cm) 
in the panel loi^ dimension* Transverse distortion .was negligible* The panel subas- 
semblies composed of the skin, rib caps, and ribs were subsequ^iHy machined to re- 
ceive the end closure beams for welding* 

Closeout electron beam welding joined the machined panel subassembly to the complete- 
ly machined closnre beams* This consisted of an additional 4 feet (1*2 m) of step-butt w^ 
joining the panel skin and tihe rib c{g>s to- the beams and 24 bum-down tee slot welds inter- 
connecting the -ribs and the beam webs. For the welding of the panel skin and rib caps to 
the closure beams, the assenobly was placed in weld tooling whicli held the skin and caps in 
contact with the machined step of the beam flange during the electron beam welding on each 
side and on the ends of the panel. No Interior toolli^ was necessary and no weld tooling 
was needed for the tee slot welds. 

Following the completion of structural welding, the panel was positioned approximate- 
ly 4ff* to the axis of the welding beam and the unwelded, machined step on the inboard edges 
of the closure beams were fused round and smooth, removing the macliinCd surfaces and 
eliminating the need for edge radiusiig for coating* 

Details of the step-butt welds and the tee slot welds for joining the panel skin, rib -caps 
and rib to the closure beam can be- seen in Figure 4-6* The some joint, closed for weld- 
ing, can be seen in F1^re4-7 • 

This approach to panel welding vrlth the electron beam process was possible since: 

(1) the parts and subassemblies were designed to be self-locating, (2) the weldii^ equip- 
ment could be precisely r^^ated, (3) the (^erator was abbs to observe, manipulate, and 
c<mtrol the welditg beam during all weldii^* 

The post-to-flange and tube-to-flange weldments shown in Figure 4-1 were joined with 
the aid of simple positioning tools* Ib these oases, the weld joints were square butt joints 
with the cylindrleal part penetrating through the flange. The welds were made from the 
flange side to appro^dmately d0% p^etration, and the weld completed with the parts rotat- 
ed while in the inverted position* 

The tee member of the longitudinal edge retainer was made with a bum-through- weld 
joining the-cap to-the stiffener* The part was then annealed and straightmed and its end 
machined for the-squam butt weld and the short bumH;hrough w^d joining the otq> and stiff- 
ener to the flange of the tube and flai^o weldment* 
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’e 4-6. Details of Closure Welds — Welded Panel to Beam 
Tee-Stiffened Cb-752 Heat Shield Panel (128069B) 









4,4 Fabrication Sequence 

tvDlcal fttHrioatlon flow charts for each of the major elements of tlie TM axo shown in 
Fi^s 1 8 ihrou^ 4-12, Each item of iUustrated hardware except ’ 

v^ade of. welded columblum alloy. The lower post assembly had an HS-25 <^60S) 
bo(fy and an Hfi^l88 flange joined by brazing. In all cases, the ” 

ized standard uerospace fabrication processes. The preparation for coating of the re 
tory metal consisted of rounding or radlusing edges and comers eltoer manu^ly or by 
viteatory finishing. This prepared the edges and comers with the best con^^on for tte 
iSon of the slUcide coaling. In general, a radius of 0.016 inches <0;0^cm) w^ 
SLtfled for all columblum alloy components. This taslc.was generaUy performed before 
weld assembly where the task could be accompUshed during machining oper^ons,.or 
“ fWsher. Edge preparetton after weld aea^My »<>/« »■“*- 

done elHier manually or by a oombinaU<m.of manual and meebanloal means. 

One coated panel with associated ccated columblum retainers and swm* 

TD NiCr fasteners Is shown in F^ure 4-13. 

4 4.x WeUln*. Hectrm beam welding was used, entcnsively for (be 

Ph^ i The decision to use this process w^ basrf u^ 

reliability and the eoqjerlenoe and confidence developed during le as 

and testing. 

Electron bemn welding Involved several types of welda: (1) bum-tteough 

bUes joining a rough machined beam ^ ®^dTsHfltet welds^jS^ tS^t«^o panel 

final assembly weld for the ted edge retainers, and (5) fillet wems jouuag 

locator keys to..the flange of the center retainer posts. 

ally etched u^ standard oolumblum oleanlng procedures. 

AU welds required 100% joint fusion with ftdl penetration and 

,mnn»Co_wlth Jl^,ed to copper tooling to prevent eon- 

atiA alumtiiUim hard tooltago Vs^aroiuiuiB w a« ftirther iiisUiv 

re^- «« etched to remove roaWuel copper 

prior to each heating or welding operation. 
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4.4.2 - formed md welded parte were simultaneously annealed and 
creep straightened or flattened to assure stress-free and properly fitting parts. This 
operation was perfom^d at 2000* P (1644“ K) for one hour in a vacuum of at least 2. 0 x 
10 torr (3,33 mN/m ), Intermediate annealing and flattening of rough beam weldments 
were done at 2600* P (1700“ IQ. Parts were loaded with refractory metal weights during 
annealing to effect the creep straightening. All welded parts were vacuum anneal e d at 
the completion of all operations to assure stable parts during coating. 

4. 4. 3 Brazing. - The only brazing performed in Phase IH was in the fabrication of 

ua support posts. Here the flange of HS-188 was brazed to a 

HS-26 cylindrical post using General Electric alloy J8100 (10Sl-l9Cr-3Pe-0. 6 Mn-0 5 
Co-0. l5C-Bal Nl). Brazing was accom^shed at 2150“F (1450*K) in a vacuum of 1 i 
10 torr (1. 33 mN/m2) using white Nicrobraze stop-off material. The parts were 

cooled in the tumace to 1800*F (1166*K) followed by an argon back-flU and cooling to 
room temperature. w 



5 . SYSTEM WEIGHTS AND COST 


5.1. System Weif^ts 

A breakdown of fhe TPS component weights before and after coating* ia presented in 
TaHe S-l, In computing the unit wei^t the system is designated to be shared between 
adjacent components fore and aft* at the sides* and at the comers. Therefore* a unit is 
comprised of one each of a heat i^iield. side retainer* siq>port post Set* center retainer* 
two plugs* and two bolts plus four TD NiCr- screws. The resulting unit wel|^ of the 
metallic components before coating was 2. 47 Ib/ft^ (0. 105 kg/m^). After coating .the 
unit increased to 2. 66 Ib/ft^ (0. 113 kg/m^). Using 7. 1 pcf (113. 7 kg/m^) den- 

sity Fiberfrax H* the insulation unit weight was 2. 22 lb/ft2’ (0. 093 kg/m^). This re- 
sulted in a total system unit weight of 4. 88 Ib/ft? (0. 206 kg/m^) in the as-coated con- 
dition. This compares to 5. 75 lb/ft2 (0. 243 kg/m2) for the system fabricated during 
Phase H and represents a unit weight reduction of 15-percent (Reference lb). See 
Section 6.7.2 for additional comments. 

Althot'^ some efforts were made to reduce individual component weights as a result 
of tile Phase n fabrtcation and testii^* an extmsive optimization sizing was not under- 
taken* The major reduction in weight was achieved by selecting a lower density fibrous 
insulatloa, i.e. , 6 pcf (96 kg/m^ compressed to 7, 1 pcf (113.7 kg/m’^ Fibeifrax H 
instead of 10 pcf (160 kg/m^) Dyna-Flex (see Section 4. 3, 3), 

5.2 System Cost 

The cost data presented herein is based on the actual febricatlon costs for construct- 
ing components for the nine-panel array and the NASA TPSTF ^>ecimen. The.data base* 
therefore* consisted of a total of sixteen heat shields including i^ares. This represents 
an area of approximately 21. 3 fl^ m^) or approximately two-thirds of the estimated 
applicable area of the baseline vehicle. The costs include raw material* machining, 
forming* finishing* joining* and coating. 

The cost of the compements (including heat shield* support system* and Insulation) 
was $500. 02/lb ($1101. 36/kg). This compares with the $518.21^ ($1141. 43/kg) cost 
for the tee-stiffened TPS components fabricated during Phase H. Both the total system 
cost and unit wei^t were reduced during Phase IH resulting’ in a net cost/wei^ saving 
of approximately 4 percent. 

These reductions were made possible by attacking the hipest cost and unetmtroUable 
item encountered during Phase II* that is* the raw material* As i^own In Table 5-2 the 
percent of matevial oc l was reduced by 70 percent. This was accomplished by increas- 
ing the man-related functions such as machining and welding. It Should be noted that 
vhile the table indicates significant percentage increases in fabrication proOess items 
tile overall cost In terms of dollars per sttuare foot was reduced by 21 percent. 
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Table 5-1. TPS Components Weight Breakdo^ 


m 


Component 

Alloy 

Weight, 

Grams 

Before Coatli^ 

After Coating 

Heat Shield 

Cb-7S2 

1086.5 

1190.7 

Retainer. Side 

Cb-752 

96.8 

100.4 

Post. Center.- Upper 

Cb-752 

103.6 

106.8 

Post. Comer. TTppei. 

Cb-752 

72.3 

74.6 

Retainer# Center 

Cb-752 

54.5 

56.7 

Hug 

Cb-752 

6.0 

6.9 

Post. Lower 

HS-25(L-605) 

64.5 

64. 5* 

Bolt 

TD NiCr 

4.6 

4.7 

Screw. 

TDNiCr 

0.9 

1.0 


* No coating required. , 

Table 5-2. Fabrication Process. Percentage Cost Breakdocm 


Percent of Total Cost 


Material 

Machinix^ 

Porming/Finishing 

Welding 

Coating 


Phase 111 


lO.a 


Phase n 


34.2 


41.2 

7.8 

15.1 

28.4 




Brazing 


0.2 













Iti accordance with the procedure established during Phase H, the individual compon- 
ents cost data has been compiled into an nth unit format and the costs projected for five 
orbiter vehicles plus spares. This Information is shown In Table S-3. 

The assumptions were: that 24 heat shield units would be re<luired per vehicle; die 
current actual costs were baseline; there would be no reduction In per pound material 
cost; and there would be approximately an 89-percent composite learning factor applied 
to all febirilcation parameters. The composite was based on the assumptions that learn- 
ing factors were 100-percent for material; 90-percent for machining, joining, and coating; 
and 85-percent for forming and finishing. The cumulative average cost for n units is - 
shown in Eigure 5-1. In addition to the Phase HI components cost projections, those 
generated during Phase H (Reference lb) are also shown for comparison. The varia- 
tion in the curves is due to the initial cost since the same learning curve factors at an 
89-percent slope were applied. _ 

In Interpreting the data in Table 5-3 and Figure 5-1 it can be seen tiiat for cme ship 
set of 24 heat Shields, components and Insulation covering an area of 32 ft2 <3 m^) the 
cumulative cost would be $49, 870. This relates to t®proximately $342Ab ($753/kg). 
Similarly, for five ship sets of 120 heat Shields.and components, foe cumul^ye_c^ 
would be $193, 520 or $265Ab <$584Ag). 
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Table 5-3. Columbittin Alloy TPS Ck>&t Projectloii 











e TESTING 


The objective of the Phase in testing program was to functionally test full»scale, 
vehicle-sized, thermal protection aystem test specimens consisting of heat shield panels, 
panel retainers and supports, close-outs, and insulation, and to evaluate the effects on 
die system of simulated shuttle orMter missions. Two test specimens and two test 
facilities were planned for use, A three-panel test specimen was prepared for testing in 
the NASA Langley Research Center Thermal Protection.System Test Facilliy (TPSTF), 
and a nine-panel test specimen for testing by Convair. The TPSTF dolmen would be 
used to investigate the effects of hypersonic hot gas flow on heat shield panels and on 
parallel and transverse heat Shield Joints, and on the complete TPS, Reoomm^ed test 
conditions for tiie TPSTF are given in Appendix C, 

The test^nditions for the nine-panel array were 50 cycles of simulated flight 
environment with boost and reentry times, temperatures, pressure loads, oiiygen partial 
pressures and 100 cycles of acoustics pressure. Since the maximum acoustic -excitatton 
and associated potenHal damage -occur during boost and without temperature considers* 
tions, testing was planned to be accomplished in three steps. First the i^dmen was to 
be acoustically tested at 3x>om temperature- through 50 simulated boost pycles ornoise, 
followed by 50 simulated flight cycles of temperature and load. Finally, the Specimen 
was to beesqposedto 50 simulated boost cycles of noise at room temperature. This repre- 
sents a Conservative approach with the specimen repeatedly acoustically loaded to 
maximum levels, after having sustained the ftill term effects <50 cycles) of thermal 
oycles>. 


6, 1 Test Specimens 

Two full-size thermal protection systems representing a portion of the shuttle 
orbiter underbocfy heat shield were designed for testing based upon the evaluation of the 
results of Phase H, The designs satisfied vehicle requirements for location, loading 
and frame spacing. 

One specimen, to be tested at Convair, consisted of a rectangular array of nine tee- 
stiffened heat ^ield panels (three panels long by three panels wide) with ten panel 8tqgK>rt 
posts, six fixed-point panel center retainers, six panel edge retainers and hi|^ tempera- 
ture insulation, alLmoimted on a Simulated vehicle load structure with titanium skin, 
frames and stringers, A water-coOled test specimen support frame enclosed the nine 
panels and supported the load structure. The nine-panel arrangement permitted 6ie 
complete isolation of the center panel, affording freedom from the test frame edge effects, 
R also allowed the inclusion and testing- of a variety of panel edge restraints which arc 
normal to flight hardware. The nine-panel test specimen, shown in Figure 6-1 was fabri- 
cated to Convair Drawing 76C0104, Figure 3-5, 


i'iiiiXJilDlNG PAGE BLANK NOT FILMED 


59 



A second test specimen was fabricated for testing in hypersonic hot gas flow in the 
NASA Langley TPSTF. This specimen possessed three, Ml-siOe, tee-stiffened heat 
shield panels mounted in line with the hot gOs flow, and six adjacent narrow side panels 
with six panel support posts, two fixed-point panel center retainers, six panel edge 
retainers and high temperature -insulation. These were all mounted on a simulated load 
structure with titanium akin, frames, and stringers, A HS-188 high temperature alloy 
test fixture supported the test hardware and the simulated load structure. This test 
specimen, with its isolated omiter panel, permits .investigation of hypersonic hot gas 
flow on. the TPS, panels* panel Joints and panel retainers. The TPSTF test specimen 
shown assembled in F^jure 6-2 was fabricated to Convalr Drawing 76C6109, .Flg«ire. 3r.^t_ 


6,2 Test Facilities and Procedures 

The Phase m thermal protection i^stem nine-panel test specimen was tested in 
facilities at Convair developed to subject the system to a series of repeated orbiter 
missions of simiilated flight conditions and environment. The TPSTF test specimen will 
be tested at NASA. 

6,2, 1 Acoustics , — Acoustic testing of the nine-panel test specimen was perform- 
ed m a 128 cubic foot (3, 62 m^ reverberation chamber with the test array mounted 
vertically m the wall, with {giparent air flow going from the top of the specimen toward 
the bottom. The specimen was supported from the rear and u'as vibration-isolated from 
the acoustic chamber structure. It was mounted so ihat only the external surface of the 
columbium all<^ heat shields, were subjected to direct acoustic excitatien. The center 
of the array was Instrumented with nine miniature accelerometers to record the response 
of the panel and panel retainers to ihe acoustic flight environment. Figure 6-3 dhows 
the acoustic test facility with the test speeimen mounted in place. Note the horn project- 
ing from the chamber on the side opposite to the test specimen. In Figure 6-4 is seen 
the- complete nine panel test specimen mounted in the wall of the acoustic chamber with 
accelerometers and monitoring microphmie positioned for test. 

Prior to- installation of the test specimcm in the reverberation chamber, the center 
of the test' array was mstrumented with nine miniature accelerometers, Endevca- Model 
2222B, bonded to aluminiaed Mylar ttgie and mounted to the face of the panel and retain- 
ers with Eastman 910 adhesive. Figure 6-5 sho.ws the locating dimensions for instru- 
mentation, Accelerometer number 6A was moved to position 5B after Cyele 90, During 
the modal survey, a tendi accelerometer was located for reference on the benter line of 
the frame of the fixture and normal to the heat shield sux*faces. This accelerometer was 
located as shown in Figure 6-8 for acoustic Cycle 61 through Cycle 100. The microphone 
for measuring the acoustic environment was located 18-lnches (45, 7 cm) In front of the 
center of the test specimen. 



Figure 6-2, TPSTF Test Specimen Read^ for Test 






!-Panel TPS Test Specimen Mounted in Acoustic Test Chamber (137477) 






Before booat simulation testing was started, the specimen was subjected to a low 
level sinusoidal sweep from 00 to 1000 Hz to determine the resonant frequencies of each 
accelerometer position and the phase relationship referenced to No. lo accelerometer .... 
mounted on the test fixture frame (Table 6-1). The specimen was then subjected to 50 
cycles of boost simulation, each cycle composed of 10 seconds at an overall sound pres- 
sure level of 158 dB followed by 40 seconds at 1S5 dB OA8l>L, Visual inspection of the 
specimen was performed at least once each 10 cycles during Cycles 1 to 50 and at least 
once every five cycles thereafter. Figure 6-6 details the noise environment e>q)cctcd 
during shuttle boost and Figure 6-7 shows the boost vibration spectrum. 

The response of all accelerometers and of tne microphone iwas recorded tor each 
test, cycle on magnetic tape. The t^e recorder and test control console arc shown in 
Figure 6-8. Mici'ophone data from Cycles 1, 25. 50, 51, 75, and 100 were reduced for 
preparation of plots of octave band width versus sound pressure levels, and accelero- 
meter data for these same test cycles were reduced for plots, of power acceleration 
spectral density versus frequency (see Appendix B), 

Acoustic testing during Phase n was performed at a maximum OASPL of 155 dB and at 
152 dB OASPI. for the lower level. It was desired during Phase n to test to the aame levels 
as used during Phase HI acoustic testing, 158 dB OASPL and 155 dB OASPL. However, 
facilities were jiot then available for tibls testing. For Phase in acoustic testing, facilities 
were available and wei*e used for the higher desired levels of acoustic pressures. 

6.2.Z Thermal-Mechanical. — Thennal-mechanical testing was performed in 
Convair's high-temperature, flight Simulation test facility for multi-panel thermal 
protection systems. This facility was designed to m>ply a controlled, simulated, orbi- 
ter flight environment of temperature, pressure, and toygen partial pressure to the 
nine-panel test specimen. 

After completion of 50 cycles of acoustic testing, the nine-panel test specimen was 
moimted in the high, temperature testing tocility seen In Figures 6-9 and 6-10 and 
schematically in Figure 6-11. The specimen is shown mounted horizontally, facing in- 
ward In the test facility in Figure 6-12, prior, to testing. 

This facility consists of two box-like, stainless steel enclosiu'es: the bottom 
enclosure which motmted the test specimen and temperature sensing instruments, and 
the top enclosure which mounted the power distribution system, the heat lamps, the 
cooling air distribution system, the pressurization gas and oxygen partial pressure 
mani.tolding, and the hot air plenum and e:dtaust ducting. The top enclosure is insulated 
\vlth tmproximately two Inches (5 cm) of fused silica foam insulation (Glasrock) which 
is mechanically mounted. An oxygen partial pressure sensor line was also motmted in 
the top enclosure. The two enclosures are hinged to open in a clam-shell fashion expos- 
ing the skin surfaces of the test specimen. Opening was facilitated by two hydraulic 
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Table 6-1. Modal Survey and Resonant Frequencies 


Accoloromctor Location 


Freq. 

nizi 
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3 

4 
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185 
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- 
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- 
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0 

- 

718 .. . 
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0 

0 

+ 

+ 
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0 
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+ 

- 

— 

980 

0 

- 

- 
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0 
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NOTES: (1) Accelerometer Locations are as Shown in Figure 6-5, 

(2) (+) hidioates In-Phase With Reference Signals 

(-) Indicates OutK)f-Phase With Reference Signal. 

(0) Indicates Phase Relation Undefined. 

0) All Accelerometers Referenced to Accelerometer No. 10 
Located on Frame. 










Console and Recording Equipment (130940B) 
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Figure 6-11* Schematic for Multi-Panel TPS Test Facility 
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F^ure 6-12. Nine-Panel TPS Test Specimen Mounted for Thermal, 
Load and Environmental Testing (137621) 



cylinders -operated from an air»hydraulic accumulator using shop air. The two enclo- 
sures closed and sealed against a silicone rubber gasket, permitting pressurization of 
the cavity over the test ^cimen. Water cooling was pi'ovided to both enclosures as 
required to maintain reaaonable operating temperatures and to prevent damage to 
temperature sensitive materials. 

In this feicility, the specimen was heated by 78 clear quartz Infrared heat lamps, 

No. 3800 T3/CL, rated 3800 watts at 570 volts <100 watts per inch), which were 
mounted in pairs in 38 clear quartz tubes, 28 mm diameter by 1. 5 mm thick. The aver- 
age fygfiing of Ihe heating lamps was 0. 6-inch (1. 5 cm) which provided 24 kW per squaro 
foot at irated voltage, supplied from a 600 volt, 3000 kVA system controlled by ignitron 
power controllers. The temperature of the test specimen was controlled in three zones 
by a programmed power system using temperature feedback in a closed loop from three 
sensing control thermocoiqples which were ^ring loaded against the imderside of the 
i^ecimen’s hot face. . The temperature program was provided by a servo-controlled 
Research Incorporated heat programmer with a drum moxmted function generator. 


The cooling tubes^ installed in the top enclosure as seen in Figure 6-10, Were 
^ricated with a central tee outlet. Cooling air for the lamps was supplied into botih 
ends of each tube and ertiausted through the central outlet into the.e:diaust plenum 
mounted on the center of the top.enclosure. Exhaust air provided efficient cooling of — 
the quartz lamps during facility operation and was ejdiausted at approximately 750 °F 
<673 ^ K). The cooling tubes were on. 1. 2-inch (3. 05 cm) centers and were 0. 75-inch 
<4.45 cm) above the test specimen. Filtered cooling air was supplied from a 600 psi 
<4137 kN/m^) stq^ly and during testing was used at the rate of 50 pounds <23 kg) per 
minute. 


Before the start of the reentry portion of the test cycle, the cavity over the sur^e 
of the test specimen was flooded with nitrogen gas until the oxygen content approach- 
ed zero. During reentry, the amount of oxygen in tlie nitrogen atmosphere was 
increased with time, controlled by metering air thx'ough solenoid operated orifices, 
thus providii^ in a stepped function, the desired oxygen content and oxqrgen partial pres- 
sure over the test specimen. The automatic four-step metering of OTqrgen into the mix- 
ture provided a good approximation of the desired oiqrgen content dui'ing reentry. The 
air-nitrogen mixtui'e for simulation of ojqrgen partial pressure was evenly distributed 
and supplied to the top enclosure at the four comers, through four one-inch <2* 5 cm) 
tubes from a central supply point. The o?qrgen content of the gas mixture was monitored 
by sampling through a tube entering the cavity of the top enclosure and analyzed by a 
Westinghouse Model 209 Cbqrgcn Anolyzer. The analyzer and facility control console 
are shown in Figure 6-13. 


The design and test profile for the TI^, showing temperature, pressure differen- 
tial loading and local surface pressures versus vehicle flight time, arc shown in 
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Figure 6-13, Test Console and Oxygen Analyzer for 
Multi-Panel TPS Test Facility (138486) 


Figure 6-14, The local surface pressure Is a function of the oxygen partial pressure 
and the volume percent of oxygen present. Reentry differential pressure loading starts 
at 0, 06 psi (0,4 kN/m^, rises to 0,15 psi (1, 04 kN/m^) when the temperature is 2400 °F 
(15 89® K) and holds until the tempei^ture drops to 2150 ° F (1440 ® K), The other reentry 
differential steps are 0,4 psi.^,7 kN/m^) and 0, 85 psi (5,9 kN/m^), 

Fifty thermocouples were installed in the test specimen to acquire thermal profile 
data during test cycles. Of tiiese, 14 were tungsten-rhenium (W-5 Re/W-26 Re) sheath- 
ed thermocouples which were spring-loaded against the back of the hot face of all nine 
test panels. Thirty-six were chromel-alumel thermocouples installed to measure 
temoeratimes of the stqjport posts^ tiie titanium skin cold face, and the insulation. The 
locations of all thermocouples are shown in Figure 6-15, Thermocouples 5, 7, and 10 
were control thermoeotq>les for each heating zone and thermocouples 31, 33, and 36 
monitored the cold face beneath the control thermocouples. Readout temperatures for 
these were continuously displayed in bar graph form on a Metrascope, During thermal 
cycles 1, 2, 3, 5, 11, 26, 47,' and 50, data from all 50 thermocouples were sampled 
eveiy 32 seconds by a hl^ speed data acquisition system and ctored on magnetic tape 
for processing and print out tqron command. During all other Ihermal cycles, all 
tungsten-rhenium thermocouples excepting No, 5, 7, and 10 were removed from the 
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and Test Profile 




















test specimen* Cold face temperatures and insulation cool-down rates wei’e monitored 
on the Meiroscope. 

When the nine-panel test specimen became available and was installed in the high 
temperature simulation flight test facility, pressurization tests were run to determine 
the pressure loading capabilily of the test system. Earlier Investigations by Cross and 
Black, Reference 5 , had indicated that the maximum desirable leak. rate through the 
TPS specimen was 15 efin (0.007 mvsec) calculated on the basis of an average leakage 
area of 0. 0076 tn^ per Inch (0. 019 cm2/cm) of heat shield edge length. From Figwe ^14 
it can be seen that the maximum rMuired test pressure, during boost was 3. 0 psi (20. 7 
Wm\ and 0. 15 psi (1. 04 kN/m^) during high temperature reentry. Pressurization 
tests indicated that for a pressure of 1. 08 psi <7. 45 kN/m^), 220 cfm (0. 104 m /sec) of 
air was required. Thus for 3.0 psi ^0. 7 kN/m2) an intolerably high flow rate was 
Indicated. Pressure testing was performed which isolated the specimen and the facility 
and which showed that 56-percent of the ^parent leaks were around the specimen hold- 
ing fixture and throu^ the test specimen. The balance of the losses were through the . 
top enclosui'e around the quartz cooling tube penetrations and the quartz tube penetra- 
tions into the hot gas plenum where temperatures of 1200* F (922*K) were anticipated. 

Continued testing at decreash^ pressures, indicated that to attain the desired 
reentry pressure of 0, 15 psi (1. 04 kN/m^), a gas flow of 55 cfin.(0, 02G m^/sec) was 
needed, Assumli^ tliat all other losseS.could be arrested, then 56-percent of the flow 
or 3.0, 8 (0, 015 m^/sec) would be around and through the test specimen when at the 

desired pressure of 0. 15 pSl (1. 04 kN/m2). Flow rates of this magnitude would have 
unrealistically heated the Insulation, the support system, and the simulated vehicle 
structure and would have invalidated the test I’esults, 

Based on the considerations of high flow ratei the probability of success in seal- 
ing fecility lealcs, and the unpredictability of modification costs and schedule impact, a 
decision was made to discontinue the boost phase portion of the test cycle and all pres- 
sure loading of the test i^ciraen during reentry. All other test parameters of time, 
tempergtiirc, and ojsygen partial pressure were maintained (Figure 6-16). 
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G.3 Test Results 


Thi* nino-paiifll test specimen survived 50 thermal and 100 acoustic cycles of 
fll0jt simulated reentry, verifying die thermal/structurfll design and demonstrating 
significant tolerance to oxidation damage. The isolated center test panel of the array 
remained flat and undamaged by.tiiennal stresses, Justifying the nine-panel test ar- 
rangement. The center test panel was readily disassembled for Inspectton and rein- 
stalled after repair. 

Three t 3 rpes of damage repair were attempted and verified; . on-slte, in-place, 
and In-shop. The on-site and in-place repairs were very successful. Disassembly 
and reassembly of Individual heat shields and retainers for inspection, refurbishment 
and repair, or replacement were demonstrated at the end of Cycle 21 and Cycle 50. 

These removals simulate posf-flig^t, external panel removal from a flight vehicle. 

Damage sites in noncritical p; i ts or areas were allowed to grow without repair 
to wrify the design capability of removal when severety damaged. Both repaired and 
unrepaired hardware were thermally exposed throigh 50 simulated missions and acous- 
tically excited to Investigate their susceptU>lUiy to damage growth and/or propagation. 

Following the completion of the tests, the complete nine-panel TPS test specimen 
was disassembled for post-test evaluation of performance. Further informatiem was 
gathered on types of damage to test hardware, insulation performance, and problem 
areas of disassembly and inspection. 

6. 3. 1 Aeou’^li -; Testing. — At no time during and after the first 50 acoustic test 
cycles was tihert auy evidenee of damage, excessive movement, or physicaLchange in 
the components of the test specimen. Data were accumulated and recorded on acoustic 
cycles 1, 25, and 50. For these cycles, data plots were prepared of the microphone 
sound pressures at both the hi^ and the low sound level and of the acceleration spectral 
density for each accelerometer at both sound levels. Typical data plots are found In 
Appendix B. All post fasteners and plugs required retorquing after acoustic testing to 
the 15-lnch poimds (1.7 Nm) torque level established for this test. 

At the completion of thermal cycling, acoustic testing was resumed with Cycles 
51 through 100. In anticlpatton of possible structural failure resulting from thermal 
damage to the post of the side retainer G/R5, accelerometer 5 was relocated t© posi- 
tion 6B at the corner of the test panel held by retainer G/R5, There was no structural 
damage nor excessive movement of the components Identified during tost. Two post 
filler plugs, which are non-structural, failed during acousUc tost and as a result of ro- 
torqulng between test cycles. Post test Inspectlott also showed no structural damage 
Identifiable to acoustic excitation, no propagation of defects, and no unusual coating rub- 
bing (H* serubt^ng on mated surfaces. Inspection of the test specimen was performed 
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Figure Nine-Panel TPS Test Specimen after 100 Cycles of xVeouslie 

an»t 50 Cycles of Thermal Flight Simulation (1580:J5) 





Figure (>-18, 






Fi'oirc 0-19. Center Heat Shield Removed from Nine-Panel Test Specimai (13'iG24) 


({. 3. 3. 1 ConcUtioii of |xmels: The centei‘ hcnl shioki panel t)f the tost specimen 
which had experienced thermal and mechanical edfje eondilions diirinn’ test which were 
repi-esentiitive of those Imposed on a typical flight heal shield, remained flat and free 
of local distortion and warpage after completion of tests. Tltis is seen in Figure 6-20, . 

The balance of the heat shields seen disassembled in Figures 6-21 and 6-22 display the 
same absence from local distorllon and warpage as the center panel, though the edge 
effects of the 2000? F (1366* K) thermal gradient from the panels to the water -cooldd 
fixtut'e, are evident in overall warpage of these peripheral guard panels. This wiu'page 
did not interfere with the guard panels remaining flat with the normal eefee resteaint 
afforded by panel retainers and by the test fixttire. 

6, 3. 3, 2 Condition of insulation: The fibrous insulation selected for the Phase III 
thermal, protection system performed satisfactorily under the test c<»iditlons. There 
was no evidence of incompatlblllfy with the test hardware nor with the test envlrwunentt 
It remained dimensionally stable and did not density due to slntcrii^) and It did not dis- 
integrate nor compact during test. Figure 6-23 shows the top surface of the Insulafion 
mass with all- surface hardware I'emoved, Figure 6-24 Is looldng Into <aie Insulation 
hole where an upper post has been removed. The condition of tlie Insulation and the lack 
of compacting Is clearly evident. 


6, 4 Damage Assessment 

hlajor areas of concern in Phase HI were the tolerance of tlic TPS to oxidafion dam- 
age caused by coating breakdown, and the ability of the harchvare to retain Its integrity 
while damaged and subjected to repeated reentry flight cycles. Evaluations in these 
areas were made continuously throughout all testing, followed by a detailed, plece-by- 
plece assessment of the damage to tlie test hardware at tlie completion of all acoustic 
and thermal testbig. These Inspections revealed that the majm'lty of the danuiges were 
of a minor nature or were unrelated to flight hardware, and tlmt such damage did not 
compromise tlie ability of hardware to propei’ly perform its design fmicfions throughout 
tile complete planned spectrum of acoustic and thermal testing. 

All damage to the nine-panel thermal protection system test hardware dmdng Phase 
in thermal testing was by oxidation of the columbium substrate, resultli® from coating 
breakdown. Causes for the majority (80%) of coating damage have been identified and 
characterized. A detailed assessment was made of the damage and the location for each 
item of coated columbium, and a probable cause was assigned for each case of coating 
dami^e. The data in Tables 6-2 to 6-5 display all of the identified damage to each item 
of test hardware, grouped as to heat shield panels, panel retainers, upper support posts 
and the nonstructural, post filler plugs. The probable causes or soui'ces of damage are 
as follows: 
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Disassembled Nine-^Panel Test Specimen after 50 Thermal and 100 AcousUc Life Cycle Tests (138756) 














Cycles to 2400* F and 100 Acoustic Cycles - Heat Shields and 
Panel Retainers Removed (138754) 
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Fleure 6-24. Hole In Insulation wUh Upper Support Post Removed Showing Condltt^ of 
Insulation after 50 Thermal and 100 Acoustic Life Cycle Tests (138749) 


1. Design - Damage caused by an <Jrror bi design which provided Inadeqiiath clear- 
ance between parts ai\d allowed Impacting durbig acoustic excltatlont damaging the 
coating on one or both parts* An example of this is shcAvn In Figures 6-26 and 6-26 
where the panel comer Impacted me shoulder of the retainer post B/R3 during 
acoustic testing and evmtually rosulted.ln the hole In the post. The retainer post 
had been Increased In diameter and the shoulder thickened after Phase II without 
complete d^arance checks with adjacent panels, 

2. Manufacturing - Damage resulting from Inadequate manufaclimlng quality control 
which allowed discrepant parts to go into assembly. Discrepancies consisted of 
dimensional errors, Improper 'finishing, or undetected flavvs. In Figure 6-27, the 
dimensionally incorrect load pads on the longitudinal beams of the panel allowed the 
pad to impact the retainer post, damaging both the pad and the body, of the post. 

This pad, during acoustic vibration, impacted the body of a retainer (replaced after 
Cycle 21) creating an oxidized hole similar to those seen in retainer G/R5 of Figure 
6-26. 

An example of improper finishing is illustrated in Figure 6-28. (This panel 
also displays corner damage due to design discrepancies.) The weld bead extended 
under the retainer and was not ground flush permitting high local loading and impact- 
ing during acoustic excitation, ci'catlng coating damage mid eventual failure. 

The large oxidized area to the left in Figure 6-29 is thought to have been the 
result of an undetected crack or flaw in the beam material. (No components were 
Inspected by NDT prior to testing.) An attempt was made to repair this site, which 
was unsuccessful due to its inaccessibility and an unsatisfactory furnace atmosphere 
during fusing of tiic repair coating. Other similar cases arc the dam^e sites of 
I/R6 and R1 in Figui'e 6-26. 

3. Coatins: - Damage identified to have resulted from inadequate quality control of 
the sllicido coaling process. This includes the quality of the materials, the distribu- 
tion of constituents before and after fusing, and the thickness of eoating on all surfaces, 
particularly on interior cylindrical surfaces, edges and corners. Evidence of inade- 
quate coating protection on interior surfaces is seen in Figure 6-26 on the pk^s and 
the post inside diameter of retainer D/R4. Examples of local coating, lack of protec- 
tion are seen in Figure 6-30 which has two damage sites, one hole through a rib and 
the other an area on the beam web. Figure 6-31 illustrates two cases of edge damage 
caused by unsatlsfiictory coating. In- Figure 6-32 are seen two other typical damage 
sites caused by poor quality coating. 
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Figure 6-30, Panel with Oxidation t)amage and Hole Caused by 
Coating DcEclcnclOs - 50 Cycles (138710) 



Figure 6-31. .Edge Oxidation to Panel Caused by -Coating 
Deficiencies - 60 Cycles (138732) 



Figure 6-32. Panels with Local Damage Sites Caused by Coating 
Deficiencies - 5^ Cycles (138728) 


1. Material- - DamRu caused b>- the use of uusallsraotorv or Inecupatlble materi- 
als which rouclcd adversely when exposed to Ihe flight or test eomUUons of tompeia- 
tiiro. local atmosphere, time and pressure, orloods. One case of apparent liteom- 
uatlbllltv of matorlals was txvealed. Tho situation was a test pocullar eoBdltlon 
Unrelated to night hardjvaro and Involved the sprlng-londod rootal 
rhenium thermocouple prolws. which reactetl wllh the sllteldo eoatod l><« 
thermal eyellng. Tltough H such probes wore In use under f “"J 

four caused coating .lamage, three of which Became through holes In thosWn. t^re 
11-33 shows two views on the skin surfaeo ofsuch a site befsro a through-hole dovol 
©pod. This cUumgt* U discussed lurlhcr In Section 6,5. 

5. Aasemblv - Coaling damage resulting. from normal assembly and. disassembly 
operations encountered during turn-around inspection. The ^ 

hLagonal tkive socket of the post filler plugs shown in Figures 6-34 a^ 6-26 are 
of this type. This damage developed during wrenching operations and Is expected 
of coated fasteimrs. (The situation may have been worscncxl by Improper ^go 
preparation for coating>. The plug is a nonstructural.tlnw-mvay item and tho 
socket oxidation did not Impair its removal. 

(X Test Peculiar - Damage to coating which resulted from condHon; ^ ■ 

L Jvelyto iT p artleular- test end. which w ere uot reidlsUe o-' b f 
Severel-examplee of Ihls .were available from the nine-panel teat speeiinendue- o the 
eteep thermal sradlents experienced by the guard panels which sur^uded ^ 

Led the oenteLest panel from edge effects created by the tests The oraekmg and 
sites in the guard panels of Figure 6-36 were test peculiar. Other damage 
sites resulted from the distortion of guard panels - a product of the severe 
gradients. These panels flexed rather vigorously with an over-center action during 
dlsassemblv tor inspcctton and repair, causing coating damage to themselves and 
ali“rpa«s. This damage was test peculiar since such distortion rented fl-om 

the lost thermal gradients and not from normal assembly and “ 

ttons. Examples of this test peculiar damage are seen in the guard panel In Figure 
6-36 and on the retainers Rl, R2, and B/R3 In Figure 6-26. 

7, FllEht Normal - Damage to coating wMch was considered to be a normal condl- 
llon and^ealt ^uTto vehicle hardsvarc.. Exttn^ples of ti;ls were the d^age eaused by 
parts in contact responding to the thermal, mechanical, and 
the repeated flight onvlwnment. An example is the damage site at the base o t 
panel locating key on the upper support post in Figttre 6-37. Two other cases a oi 
L thermal cycles are soon in Figure 6-38, both serious enough to require a design 

improvement in this panel area. 
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Figure 6-37, Upper Post Damage Due to Flight Normal Causes - Top, 
Indeterminate Causes - Bottom, 50 Cj^cles (138729)- 



Figure 6-38, Flight Normal Panel Damage Requiring 
Redesign - 50 Cycles (138727) 


S. huU*toi*mlnato - c’a.soH tlaniat^o whi*ro Ihort' was no ol*‘ar-fUt causo or sourro 
oUt>7tnt^thunai;«^ h\ im»Ht easos, a oombliiiUlon of oausi s uiuUmbtoiny oontrilmUHl 
(o Uio tUima,?o. . /riu* oml« i>r Uxo lioal-sliU'Ul rontalneil luimorous oximtples of. 

liulotcrminaU' lUimaRo. Hero wore foimd bulU-ln probUnuK of nnunud otlgo proivaratlon 
of thin slu-HM for ooalinii, for appUoatl»>n ami cviUiiation of tnltjo roalinRs, ooupUnl with 
manubioturin}; varianroK ami a iloslj»n itot oomluolvo to tiotul oml prmUicIbllity. Hu' 
result Us tlainage sites sueh as shown in l-M^jure A simple tlesi>>:n ohmtge per- 

rnitlintJ the skin ami rib eap to overhang the rib rather than trinmunl flush, might 
eliminate most of the panel eml ilefeets. Another example is the retainer eml danutgo 
to Retainer Ul, l•’igure t>-2d, wheiv the eause eould l>e attrilnitetl to one of several 
discussiul classifications. 


From the ilata emnpiUHl in Tables (t-J thn>ugh b-r», it is pt»sslble with meh t>tpe of 
hartlware to Ulentify the prineipal looiUuut of eoating tlainage ami the priiu’i|nil eauses or 
stnirees of sneh dam:ige. 


g .|, I Heat Shield Ranel ITiiitn Ibmlware . - t>n the heat shiehl panels, the main 
ilamage (see T;04o 0-2) was fouml to be to the skins (:t:t.:t',\.ilominaied by test peeuliar 
eauses, and to the panel emis (22. r.) nuistly from indeterminate eauses... This is in 
;igreement with the prineipal eauses of ilamage ti> :ril paiu'ls where 2f..O pereent were 
test peeuliar ami 25. r> pereent wei*e foi- imletermlnate reasons. 

For night heat shielils, wlu'ie improvenumt efforts havi' bc>en fivuseil on iwtenflal 
damage eauses, the reliability e;m bo improveil 10 times to an average ol only 2.5 tleleets 
per p:mel per 50 tlights. The remaining ikMcvts wouUl be h>eali/tHl prineipatly at panel 
emls ami at nonorit-leal i'nds ;uul ixlges re.sultitig in a low possibility oi flight failure in 
50 eveles. This wmild be aeeomplislu M by rt'view of the Phase III panel designs to remove 
iiesign interferenees and to improve the produeibillty ami I'oatability ot the pmiel, to 
ntininti/e tin* |M»tential for normtil ftight tlanttige, ami by imprtn-iHl- quality eontrol iluring 
Intunifaeturlng ami eoating operations. The test peeuliar ami materUU eompatlbllUy 
prol>lems eneotinteretl by Phase III test hardware wi>nUl md be present for flight hanlwitre. 
In aetual flight o|H*r:U.ionRT tiny panel whleh is fouml to In* erltleally tlelecteil during 
routine lurnar«nind Inspivtions wouUl be repainxl or ri'pltieiHl. 

PaiYel Retainer Flinht ll 4 M.’ilware. - Frotn Table OKI, it Is seen that the 
prineipal damage to the retainers was to the ix.sts (:t5.:v :) with the prlnelp:tl eause i>f ihHn> 
age In ileslgn mul eoating di lleleneles. Next prlnelp;U ilmnage was U» the tee reUilner eap 
(2}M :) lolhmed by the fhutge (22.5' :), with all but (wo eases attrtbuU'.l to test peeuliar 

eomlitions. 


Fl},n»ro G-3y. Oxidation SlU’ at Knds of Panels - Indeterminate 
Causes - 50 Cycles (138715, 138720, 138722) 



Table 6 - 2 . Heat Shield PmcIs 7 Damage Assessment 
9 Parts - 100% Inspection 
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Nearly luxK (47','< ) of all reUilner damage were fouiid to be test peculiar followed by 
coating eauaes (29. mtd by design (11. 8‘^). By a review of. the Plwse III desli^t, clear- 
ance of the retainer posts imd heat shield panels and W bnprovlng quality control eltor s 
during manufacturing and coating operattons, the retainer defect rate can be rettuecd U) 
one defect In 2. 5 panels per 50 ttlghts. Except for tiie end of the toe member, this part Is 
structurally critical and would retiulre frequent .turnaround inspection to remove damaged 
pains. This is readily accompUshed by in-place inspection and by easy removal. 

0 4 3 Post Fmor Plugs Flight Hardware. - The dominant damage to post filler plugs 
as seen in Table 6-4 was caused by oxldatton sites on the inside diameter of the body (51.0/, ) 
and on the outside of the liody (19.4%), accounting for 71 poreenl of all tlamage. Socket 
damage of 25.8 percent arose from assembly operations and possibly from impi’oper go 
preparation. The main thrust for improved filler plug reliability must be to iniprove the 
coating of the body, particularly on the inside diameter; The most optimisttc improve- 
ments could not reduce the damage rate to less than- one per part per 50 flight cycles. 
However, the filler plug is nonstructural and functions only to shield and protect the sxo- 
merged supcralloy panel fastener. Excessive oxidation damage or loss of a plug docs not 
impact flight safety nor impair disassembly opcx'ations as shown during disassembly o ■ 
the nine-panel test specimen after 50 simvdated flight cycles. Here one plug was lost 
during final acoustic testing, one was torqued to failure during test, and one was »o 
seriously damaged by oxidation as to require removal with on "Easy-out" tool. In all 
cases. further .disassembly was unaffected. 


G. 4.4 nnnor Post Flight Hardware. - Very little damage was evident on the upper 
posts (see Tabic 6-5> which wore examined. Four posts wore completely removed :md 
inspected and six were inspected in place wfth the top flange, locator keys and the post 
inside diameter visible to inspection. The absence of damage Indicates good design for 
coatt'd coliunbium hardware. The total damage was limited to txvo cases of flight norm^ 
damage to the welds which affix the keys to the flange on two parts and some ^ssigned 
damage to a bottom edge and to a clearance hole. None of those damages could have 
reasonably caused ultimate failure of the part in 50 to WO flight cycles. The ^amage rate 
of the ptuds tested and inspected was 0.5 per part in 50 flights and this probafofy could 
not be improved fo-r flight hardware. 

6. i. 5 Danxa go Assessment Summary. - The total number of damage sites 
Table 0-6) substantially reduced for flight hardwaxm by efforts to Improve coating 

and manufacturUig quality control and by design review and improvement to remove in- 
lovferonccs and to Increase protluclblllty. Gonservattvely. tlie damage could be reduced 
to 0. 8 site per TPS imlt consisting of seven parts of coaU'd coiumoium (see 

loss tluurone .damage site per prn^t i«r 50 flight cycles. Most of ^ 

have been discovered during turnaround Inspections of the vehicle thermal piotectlon 
system tuid the damaged piu'ts repaired or replaced. 


jtlon 5# 1)> 
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As had booa anllclpaU'd iluriu;; dcslpi, the* cotitt'd columblum parts did suilVr .oxl- 
ilation dmuagt* Irom the repeated simulated reentry flights. Most of the damage was„of 
a minor nature imd.dld iu»t structurally degrade the .hardtvare, Pmtels, ptmel fasteners, 
plugs, tmd retixlners were rcmovctl.when desired for tnspi'ctlon mid assessment of oxltUt- 
tlon tlanume, tmd- severely damaged-plugs and fasteners were removed for replacement 
without tlamaglng adjacent pai*ts. The damage tolcrimce and the ability of the TPS U> 
perform Its design Umctlons, though damaged, were most evident from the post test 
reidew of the TPS htu’dwtu’e_ — _ 


(>,5 Materials Pi*obloms 


Two problems ax’osC diu’lng Phase III fabxication tmd testing which were traceable to 
the materials. The first involved the Cb-752 columbium alloy supplied by Wah Chang 
Albany Gorportition. The other involved the matexial selected as sheathing for the high 
tempex'iiture, umgstcn-i’henium thermocouple. 

During iabrication, sevex’al cx’acks w'ei*c oncountex’eti in or near electron beam wolds, 
and during cold straightening operations. Cx'acking of tMs natuiv htui not Ixecn expex*- 
ienced during Phase II- fabx*ica-tion of identical hardware using the same processes. It 
was iliscovered- that the columbium sheet and plate fuxmished by Wah Chang fox* Phase n 
differed fi’om that furnished tor Phase III, Phase II matcrlulJiad included a Wah Chmig 
px'oprietarj’’ tiddith e which enhanced xveldabilit^’ mid minimizc*<.i craoking px*obabllitles. 
This additive was- px’osent in only one heat of matoi'lal furnished fox* Phase HI fabrication 
mid this only for use on a minor part. The px*oeurlng purchase ox*dex% as rccomniendcKi 

by Wah Chang, had specified that the niiUcrialbe fuxliished ” fully recry stalli zed 

and best weldable qiudity." It is believed that the alisonee of this additive influenced the 
ci*acking experienecti during Piiascin fabrication. If such a crack wex'c px'osent ami 
undetected px'k>r to sllicidc coating, a major oxidization site such as that scon in 1* igux’e 
6-29 could have resulted. 

The secroml px*oblcm encountered during Phase II involved the sRoathing niaieiial for 
the Mgh temperature thermocouples. For Phase II an Iridium sheath. had been used, 
ll«iwcver, the sheath was vexy Inilllc, thcx'eby cx’oatlng px’oblCnis during fabx’lcation and 
installation.- In addition, the iridUmi was px'ocux’ed fx'oni a non-donieslie soux'co which 
resuliod in an extensive lead-time and a total cost beyond the budgctaiy x’ostrlctlons ol 
this pi'ogram. After an in-housc evaluation, Inconel GOO F72 Nl-IR Cx*-8Fc-lMn (plus 
Si, Cu, C, S) ■' was selected for the sheathing. The evaluation consisted of thermal 
exposure fx*om 2000’ to 2‘100*^F (1366 to 1589®K) at one atmosphere in atx’ with thermo- 
couples in contact with 11-512 E/Cb-7 52 coupons, under px’essure loails rmiging from 
appx’oxiniatcly 400 to (>50 psl (2,76 to 4.48 MN/m"). The tiuration of the exposure was 
62 to (56 hours. No niacx’oscopic reaction was obsexwed on cither the coupons or the 
sheathing material. 
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Fourteen thermocouples sheathed with Inconel 600 were Installed liHho test^speci- 
men and spring-loaded against the skin hot face. After one cycle at 2250 F <1505 K), a 
small eruption of slag-llke material Was ovtdont on the top face of the skin opposite to 
one thermocouple. This was accompanied by a deformation of the skin due to excessive 
spring loading by the probe. Tho-sprlng pressure on all probes was I’educed to prevent 
further detonnatlon damage to the skins. After thermal cycle I and later after cycle 31, 
similar sui’faee eruptions .were observed over thermocouple locations in adjacent panels. 
Those throe damage sites resulted in through holes In the skin. 

After completion Of testing and during disassembly, a similar danu^e site was 
found on a fourth panel. This site was only visible on the side of the panel contacted by 
the thermocouple probe. There was no indication of an eruption on the top skin surface. 

It is notable that there were ton other high temperature thermocouple positions where 
the Inconel 600 sheathing was in contact with the siliclde coated columblum and there 
was no evidence of reaction between the sheathing and the sllicide. A total of 27 
sheathed tungsten-rhenium thermocouples were installed in the lest specimen during 
Phase in testing . 

It was evident that an incompatibility problem existed between the sheathing materi- 
al and the coated columblum under the circumstances and conditions of thermal testii^. 

It was not a predictable situation since but four thermocouple positions showed evidence 
of reactions^ Subtle differences may have existed from position to position that would 
account for the differences in reaction. These might include: (1) temperature variances, 
(2) load on the probe, (3) the presence of- oxide films on either contacting surface, or 
(4) remnants of insulation on the tip of the probe acquired during installation. It- has 
been reported that under the proper conditions of temperature, time, pressure and 
atmosphere, nicklc base alloys such as Inconel 600 react unfavorably with siliclde coat- 
ings and with columblum (Reference 6). A thin barrier layer of insulation or of an 
oxidation resistant foil such as iridium can be used to prevent the occurence of problems 
such as those encountered durii^ Pliase IH testing. 
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0,0 Acoustic Anuly His 


Ah (tescrlbcd in Section 0, 3. 1, the tee-stiffened heat slilold ptmol surviveU the 
acoustic tost pronmm without any structural-damage att rihutablo to sonic fatigue. 
The iHupose of the subject evaluation, tlieroforo, was to compai’o iuialytical mul 
test results in order to validate imjUytical sonic fatigue pixHliction procedures used 
dining this piogram. 


Test pniicl responses to acoustic excitation were measured by accotemmetors 
located as shown In Figure 0-4, Response data were presented as plots of acceler- 
ation spectral dmsltj' In g2/IIz versus frequency In Hz, However, acoustic fatigue 
luuilyses were made by use of Convalr Aerospace Comixiter Prograni P5 454, wlUch 
computed panel responses In .terms of dj-namlc stresses. (Reference lb, Appendix C.) 
It was necessary, tlierefore, to estimate the dynmnlc stresses corresponding to the 
measui'ed accelerattcms in Order to establish a compatible basis for comparing ana- 
lji:ical aiid test results. 


The test panel, being effectively supported only at two ends, was considered as a 
simply supported beam, A simply supported beam under a uniformly distributed loa<l 
has its maximum bending deflection (jO and stress <f) at mid-apan. 


y 

max 



For a panel c:q)osed to aeoustic pressure, the acoustic pressure applied statically 
can be substituted for W. By rafrioing the normalized stress to the nonnalized deflection, 
i. e, , (fniax/''^^max/''^» following e:q)ression is obtained, 


f 48Fcy 

where c is the distance from the neutral axis of the beam to the extremo fiber. 


Fi'om review of the panel modal survey data contained in Table 6-1, bi conjunction 
with- the acceleration spectral density plots obtained during, acoustic fatigue tests, it was- 
determined that the panel bending mode at a frequency of 295 Hz developed maximum 
bending stresses. It is noted that this is the same mode and frequency reported in 
Reference lb. Stresses wore calculated by the follovvlng procedure. First, rms 
accelerations were calculated by taking the square root of the product of acceleration- 
spectral density times filter bandwidth and muttiplying the gravitational constant, 

386 in/scc2, 'fhe rms displacements were then obtained l>y dividing the rms accelera- 
tions in in/sec“ by the square of the resonant frequency in radians per si'cond, Considei’- 
ing the phase relationships among the several accelerometers, the maximum relatix e 
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rms dinploccmcnt along the panel was then obtained. This displacement was then 
substituted in the expsogston 



to yield the dynamic rms sti'Css In psi. 

The measui’ed responses of. the panel Include the effects of inliorent damping 
(dynamic magnUicatlon), but do not include the effects of local stress raisers, hispcc- 
tlon of the half-power points on the acceleration spectral dcnsliy plots indicates that the 
average panel damping coefficient in the 295 Hz mode, o/e^,, Is G percent of critical; 
this corresponds to a cfynamlc magnification. factor, Q, of 8,33, However, if the ftltei 
liandwidth is. greater than the structural bandwidth, the damping estimate may be high. 

The dynamic rms stress in the 29S Hz mode calculates to be 1218 rms psi for the 
high. level, 158 dB OASPL, input shorn in Figure 6-40. If a local stx'ess raiser of 
Krp = 4,0 is considered, the local dynamic stress is 4872 rms psi. The 40 maximum 
local dynamic stress is then 18,488 psi and the critical stress (Icr) maximum partial 
damage Is 9,244 psi. From Referenoo lb, Page 2G9, the total required life of the TTO 
paiiel for 100 flights is 5,000 seconds under acoustic e-xcltation during lift-off and ascent 
of the Space Shuttle vehicle. At a x'esonant frequency of 295 Hz,_this corresponds to . 

1,475 X 10® stx'ess reversals. 

Fatigue life evaluation of the test panel was made in tw-o ways, based on reversed 
bending (R = -1) sU'ess-cycle ^-N) cuiTves shown in Figure 6-63 of Reference lb. 

First, using the local dynamic stress level of 4,872 rms psi in c<mjunction with the 
derived random S-N curve, it is se«i that the fatigue life ejqpectancy is about 10 stress 
I'cversals, Second, Using the critical stress level of 9, 244- psi, the fatigue life ejqiect- 
ancy is in excess of 10® stress reversals, based on the sinusoidal S-N curve. Hence, 
by- either procedure a large margin of safety is shown as predicted. 

In summary, as predicted in Reference lb ior the columbium alloy TPS panels, 
margins of safety are large and fatigue life expectancy is indefinite with respect to 
acoustic exposiuJC, As a matter of interest, dynamic stresses developed tmdbr acoustic 
o}q)osure,. reported in Reference lb, when normalized by tlie incident acoustic pres- 
sures are the same- as the normalized stresses .obtained during the tests reported hei*ein, 

6. 7 Thermal Analysis 

6. 7. 1 Methods of Analysis, — The thermal analysis presented herein was conduct- 
ed using a computer program designated GAWEB 9793, Transient, Two-Dimensional Heat 
Transfer Program, This program accommodates a variety of cngineei’ing thermal- analy- 
sis requirements* The program includes provisions for radiation interchange between 
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SOUND PRESSURE LEVEL (dB - re. 0.0002 microb ar) 


1 



Figure 6-40, Acoustic Spectrum -* Hi^ Level (pre-thermal tests) 


elements of the test specimen model and the test chamber. [ This program differs from 
the one used daring Phase H, Convair Aerospace Computer Program 1272, which predicted 
thermal interactions between the TPS model and deep space. 1 Problems involving a multi- 
tude of materials with various conductivities, specific heats, and emittances as functions 
of temperatures, and with conductivity as a function of both temperature and pressure are 

analyzed. 

Aerodynamic heating of the panel surface is simulated as a time-variable heat flux. 
The effect of wall temperature on heat flux-was included. View factors between elements 
of the thermal model and between the model and the test chamber were obtained by using 
the computer programs of References 7 and 8 , the overall radiant intei change 
factors inciudfag multiple reflectlous fofgray diffuse surfaces at constant emittances 
were-obtained from ihe progtwu of Refsrencc 9 . Symmetrj^ was used to yield a mini- 
mal of thermal elements within the model. . 
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r<n tljc columbiuin alloy componenl» the same metallurgical assumptions were used 
lie t om as those used durinu Phase-ll, That is, when coated,, one-third»of the coaiinK 
tliickness results irom penetration ol the base metal* Diffusion of the coating into the 
base 4 »etiU- continues as the material Is cycled at high temperatures* A coating of 0,003 
inch (o„aoH cm) was a)iplicd to the panels manufactured under this program, and ifwas 
MSKumed that a diffusion of O.OOOOl inch (0*00003 cm) per side would occur, during each 
(;,vele* Thus, if the original panel thickness is 0*020 inch (0.051 cm), after coating the 
nc‘W base metal thickness is 0.018 (0*040 cm), and the total thickness is 0.024 inch 
(0,001 cm). After 100 cycles, the final base metal thickness Is 0,016 inch (0.041 cm). 
Thermal propenies of the coating material and diffusion zone are not known at present. 

In this study, psuicl temperatures and temperature gradients are based on (1) conduction 
using the base metal. thickness after 100 cycles * 0,016 inch (0,041 cm) In above example ; 
and (2) thermal inertia using the total thickness ;0.024 inch (0,061 cm) In above example” 
and Uie thermal comlueUvity and sjxicific heat of Flgu/’cs 6-41 and 6-42. The conduction 
heat transfer teims used for the coated columblum elements in the suijport post analysis, 
however, arc based on the total thickness. These assumptions should yield the worst 
cose panel gradients and the worst (rase with resjKJct to heat tnmsfer throu^ the sui)ix)rt 
lK)st to the backup stiticture. 

6. 7.2 Thermal Sizing — The insulation sizing was iju.sed on a thermal model that 
includes effects of both temperature and pressure on insulation thermal conductivity. 

The local static surface pressure at X/L = 0,02.5 was employed, A 0,020 Inch (0,051 
cm, t.innium adiabatic backup structure was used, and it was assumed that tiie insulation 
and backup structure were initially at -<-100'F (311*K) prior to entry. 

Insulation sizing results based on the 7,2 Ib/ft^ (115,3 kg/m^) FiberfraxH data of 
Figures 6-43 and 6-44 from Reference 10 are presented in Figure 6-45. This indicates 
that an insulation thickness of approximately 3,4 inches (8, 6 cm) would be required to 
limit the load carrying structure to 650 'T (filGTC). However, tho post lengft) had been 
sized to 3,7 inches (9,4 cm) on the i>asis of using Dyna-Flex and the analysis of Phase II 
(Heference lb, Figure 6-33). With 3.7 inches (9,4 cm) of Filjerfrax H the predicted 
titanium structural temperature was 580 *F (577*K)« 

It therefore follows that the unit wci(^t of the insulation could have been reduced 
from 2,22 Ib/fr (0,093 kg/m^) noted in Section 5, 1 to 2.07 Ib/ft^ (0,087 kg/m^), 
Togctiier with the reduction in post height the theoretical TPS unit weight should have 
been 4.72 Ib/ft^ (0,199 kg/rn^). 

No variations to tho Phase H panel analysis (Rofcrence Jb, Section 6,3,6) were 
employed and those predicted temportrture distributions W'crc assumed to be valid lor 
the Phase III effoii. 
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For the panel support structure, modifications w-ere made to the bi>metal posts and 
to the titanium stnicture that altered the heat transfer from that of tlie Phase II tests. 
The primary modification to the Cb-752 upper post was the addition of more massive 
heat shield guides <keys); these provided a gi’eater heat sink and contributed to a higher 
post intoi’face temperature than desired f 2100 *F (1422*K) instead of 2000* F (136(TK)'' * 
The primary change to the lower portion.of the post \vas the change from TD NiCr to 
IIS-25(L-C05) with its lower theinnal prtqjerties (Figures 0-46 and 6-47). The predicted 
temperature at the base of the post was 050PF <616®K), 

The third modification in the analysis was the consideration of heat transfer to 
0, 020 inch (0. 061 cm) titanium skin and the heat sink effects of stQ>|)ox^ing frames and 
stiffeners. These had a tendency to produce lower temperatures on the prlmaiy struc- 
tux'c from those e.^erienced in. Phase n. The thermal properties of T1-6A1-4V used in 
this analysis are shown in Figui’cs 6-48 aiid 6-40. 

6* 7.3 Thermal Correlation. — The average temperature raeasui^ments for the test 
series showed acceptable unifonnity [+b*F (4°K), -22° F (13° K) at peak tempeintuxe] 
over the surface of the specimen. The avei-age maximum temperature over the heat 
sliield surfaces was 2398° F (1587°K) with the maximum temperature recorded at the 
sijecimen center of 2408° F (1593° K). The maximum xecorded temperature was 2440° F 
(1611.°K) which occurred during Cycle 3. 

Data plots of the average temperature history for four critical locations are shown 
in Figure 6-50-. The data shown have been shifted to compensate for startup lag. The 
average maximum temperature at the center of the heat sliield surface as recorded on 
the interior side was 2408° F (1593° K) compared to a pregrammed and predicted 2400° F 
(1589° K). The data closely follows the predicted cui’ve until the final eool-down period 
after 2400 seconds fixim start of reentry. At this point the cool-down rate was slower 
than. anticipated. This deviation was probably due to the heat stored in the Glasiock 
insulation above the lamps. 


The bimetallic support post interface maximum temperature was 2095 °F (1419 ®K) 
compared to a predicted level of 2100 F (1422 ° K). This data set exhibited excellent 
correlation over the entire recorded range with slight deviations occurring during the 
beat up and during the simulated reentry maneuver (2000 to 2400 seconds following start 
of reentry). 

The average maximum temperature at- the base of tlie support post was 625° F 
(602 ° K) compared to a prediction of 650 ° F (616 °K), The test data followed the predic- 
tions but were consistently lower. This is attributed to a possible difference in the 
thermal properties of HS-25(L-605) , greater lateral thermal conductivity of Fiberfrax H 
than anticipated, and/or convective cooling air below the fixture. 
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Figure G-48* Thermal ConducttVtly of TI-6A1-4V 
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Figure 6-49. Specific Heat of TI-6A1-4V 






Figure 6-50. Radiant Heat Test Composite Temperature pistributlon 



Similarly, the titanium primary structure <consistmg of skin, frames, and stiffen- 
ersi temperature data deviated considerably from the predictions. The average maximum 
temimrature was 625 -F (547® K) compared ^^'ith a prediction of 580 ® F (577 ®K), This 
could.be the result of a variance m the thermal properties of FilxjrXx’ax H,. an error. m. 
the assumption of the thermal mass of the titanium structure, and/or convective cooimg 
air below the fixture. 

Comparing the curve fits of the predicted and the actual temperature data of Phase n 
with those in Phase in Show that the Phase m curves of predictions versus actuals do not 
fit as well. Since changes were made in the design of the support post ^ence, the thermal 
model), lower support post material, insxdation material, and primary stnicture thermal 
mass, plus exqposure of the understructure to circulating ambient air, considerable v/ork 
would.be I'equired to isolate the exact cause of the deviations. However, since the predic- 
tions were generally hi^er than the actual recorded data (varying from less than 1% to 9%) 
and are, therefore, conservative, the method of analysis was determined to be acceptable, 

6. 7, 4 Theitoal/Struetural Performance, — Verificatton of the thermal design of the 
heat shield panels and justtfleatton for the selection of the nine-panel test array of heat 
shields were demonstrated the results of the tests. The Isolated center panel sur- 
\Tved the ftill test spectrum, with no thermal distortion or thermal stress failures. This 
panel experiaiced thermal and mechanical edge conditions that were representattve of a 
typical heat shield (Hi a flight vehicle. The flatness of the panel and the absence of dis- 
tortion and thermal damage can be seen in Figure 6-20, As previously noted in Section 
6,3,3, 1 tiiirtng discussion of the post test condition of heat shield panels and in Section 
6.4, Paragraph 6, under test peculiar damc^e, considerable distortion occurred in the 
edge of guard panels maldng up the balance of the nine-panel test array. These panels 
experienced severe therimd gradlmts unlike any encountered by flight hardware. The 
thermal gradients were created by the eontact of these panels with the water-(50oled 
frame of the holding fixture and caused thermal differentials in the order of 2000* F 
(1366® K) during thermal cycling. 

Prior to fabrication of the holding fixture, it was predicted that the top flange of 
the support frame would experience temperatures in the order of 2000® F (1366® K) and 
t ha t the tirermal gradients along the sides of the frame would not contribute to frame 
distortion since the frame was free to erqrand along its length. However, during the sys- 
tem checkout, the frame did distort excessively, necessitating the addition of frame side 
member water cooling tubes. However, design modifications were not made in the edge 
panels to accommodate the new thermal gradients existing between the heated panels and 
the water-cooled frame of the fixture. As a result, the edge panels all experienced 
wariiuge and thermal damage to some degree, and as expected, the four comer panels 
with two cool edges experienced more warpage and themal stress damage than did the 
other four gu€^ panels that had only one cool edge. 
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In ivti'ospect, it would have been, preferable lo have more thorou|{hly tumlyzed the 
i^lationship Ixjtween the water-cooled frame and the odge panels. This would liavo 
shown the necessity for isolating the edge panels from the frame by using guard pimets 
such as were successfully employed in the Phase II test six)cimens, uThe guaixl imnels, 
although oilginally planned for the Pliase lH specimen, were eliminated in an effoitTo 
rcthice the number of com^wnonts and- to ease the specimen assembly. 1 

An analysis has been made of the edge panel's in an attempt to explain their thermal 
stress damages and the diffeiences between the edge panels. Thermal stress danuige 
to tlic two comer panels in Figure 6-21, Panel ill and Panel #3,. was limited to cracks 
in the sldn to lib wolds along the long, cool panel edge. These cracks, shown in 
Figure 6-35 (top pictuie), terminated at one end at the longitudinal weld joining the 
beam to the skin and at the other end at a location approximately in line with the ends 
of the stiffening beads in the panel skin. A crack was also evident in the skin running 
diagonally in the cool comers of the panels to the first tee ilb. Panel #2, an edge cen- 
ter panel, lias similar damage to that seen in Panels #1 and ^*3, but without Ihe di:^nal 
end crack. Panels #7 and #9 also had damage from the seveiO thermal gi'adients found 
along the cool edges of the pimels. Damage to these two panels consisted of a Mghly 
local soiies of small, parallel, oxidized cx’acks in and near the outer cool edge of the 
flange of tlie long, nariow beam. These danage sites wem equidistimt from the cool 
comei's of each jjanpl as seen in Figure 6-35 (bottom picture). 

The thermal sti’esses creating edge damage to the comer ][}anels were essentially 
the same for all four comer panels. However, they displayed themselves differently in 
P:mels #1 and #3 which had a cool, longitudinal beam with a wide fhmge uhich was twice 
as wide as the cool flange of the edge beams in Panels #7 and #9. TPS designs permit- 
ted Panels #1 tmd #3 to ex^^and and move freely in the plane of the skin, constrained by 
one E.xed ix>int in the wide flange of the cool, longitudinal beam. Panels #7 and #9 had 
their fixed point on the opposite edge of the panels* All panel edges except the wide 
beam edges of Panels #1 and #3 were lield and cooled by edge retainei’s wliich pennittod 
in-plane pimel movement during thermal cycling. 

The appai’ent stress fields creating the damage to the comer panels were located: 
(1) in the unbended portion of the skin adjacent to the longitudinal beam at tiie cool edge 
and (2) at right angles to this in the skin and rib tee stiffeners adjacent to the shorter 
codl edge of the panels. These regions were partially constrained during heat-up by the 
cooler poiiions of tho panels and consequently were thermally upset and became stress 
free due to cxeep at elevated temperatures. When tile tempeiutures wo tv mduced, the 
muteidal went into tension introducing the two stress fields in the irnnels. One field was 
parallel to the long cool team and placed tho unbended poition of the sldn in tension. 
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n« other eyetem, at risht attislea to .the ttr.t, 

rilw at Uio eool, short cdBO ot.Uto panel- The mirrow nunned beam oft anal^T an ■ 
rletormed plasUcally under die .atrensea, oaualnu extenalve local tonatle cr^klng of 1 
sllieide.iJatln» at tlie outer teglona of tlie cool, nunow flange and pomitttlng oaldation 
of Ute eolumbllim. ITto plaatie deformaUon of the eool beam aided In the ioduetton ot he 
tensile atreaaea along the cool longltudliuil beam proeludlng additional altos of tomal 
sires* damage to tlie panels. Another iiossiMltty is that the cooler edge of the nariow 
lliUigi’d Ijeam did not permit os muoli creep deformation and thus lower stiosses woie 
pi-oscnt pamllel to the beam during cool down. 

The wide flanged beam of Panels #1 and #3 did not deform plastically or olMUoally 
sufficient to unload the taro stress fields. The t esult was "Xonal 

fields created combined tensile strosses in Ine cool, comers which *•“ 

comer crack. Tensile stresses along the ’eng cool beam became suttclently hlg 
cause cracking at sites normal to the cool beam. Cracking Initiated in the sto to rib 
welds due to a notch eBcet and a sUghtly reduced skin cross-section cre^d ^ " • 

The cracking along the length of each wold was Umifed to that imrtlon of the skin which 
was not beaded t^eeommodate thermal strains. Successive thermal cyclmg caused the 
cracks to open and to oxidize and new ones to form. 

It is reiterated that the thermal conditions of the pexiphex^l heat shields that existed 
during the Phase HI test sextes wex^ significantly diffex^nt fromdlmse 
veMcle fli^t. All panels should perfox-m similax’.to the central test panel, that is, fxec 
of tlxermal distortion and thermal stress failu-xes. The history of this 
Plxasos n and Ifi, has shown that when properly isolated fx-om the ih^vmaX 
of tlxe test frame, no thexmial/structural failux'cs Nvill occur in the main heat shield. 
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7 REFURBI8HMKNT AND REPAIR 


During thermal testing, opporiunities arose which permitted investigation of 
refurbishment and repair of hardware for a typical thermal protection system. The 
earliest opportunity was presented at the end of thermal Cycle 2 followed by local 
damage to the hexagonal drive socket of the post filler plug afhjr Cycle. 5. The damage 
after Cycle 2 was determined to be tost peculiar, arising from an apparent incompaU- 
l>llUy of the thermocouple sheathing material, whrtt under pressure in the test environ- . 
monl, with the silioide coating of the test hardware. The hexagonal socket damage 
was considered to be a normal condition for flight hardware resulting from mechanical 
coaling damage during wrenching operations or Improper edge preparation for coating. 
Both cases were allowed to grow unarrested. The thermocouple damage site was re- 
ixiired after Cycle 21 when it had grown to 0.2-lnch (0.5 cm) diameter hole. Wrench- 
ing damage was left unchecked for the complete test to assess the el^ect of uncontrolled 
oxidation on the removal of plugs. 

At the concltision of thermal Cycle 21, a damage site in the center test panel had 
progressed to a point requiring coating repair. Evidence of oxidation af this site was 
first noted at the end of Cycle 12. This site was at the end of a skin to beam longi- 
tudinal weld where the weld bead had not been ground flush. The retainer striq>, during 
acoustic excitation, had impacted the weld bead causing coating dam^e to both the 
retainer and the- weld. Subsequent thermal cycling caused oxidation, material loss, 
and a small, hole at the weld. 

The damaged center panel was disassembled from the heat shield ai*ray, as 
planned for flij^it hardware, by removing six post filler plugs, four post retainer bolts - 
two others were only loosened, two center retainers, and two panel edge retainers. 

It was moved approximately 0. 25-inch (0.64 cm) aft or downstream to clear it from its 
overlayiug forward panel, then lifted out. The forward panel and the three adjacent 
p:mels were not disturbed nor loosened to assist disassembly. 

Wito the center panel removed, three types of coating damage repair were attempt- 
ed. The center panel was repaired under the best conditions, itt-shopi One downstream 
panel was removed for a field repair on-site and repairs were made to other damage 
sites without hardware removal from the array-field repairs in-place. In all cases the 
damage sites were prepared for repair coating by scraping and filing to remove' the 
oxide layers and to expose base substrate. The repair techniques used were developed 
by MeDonnell Douglas - East, under Contract NAS8-26121 (Reference 12). The in- 
shop damage sites to the center panel were further prepared by cleaning the areas 
adjoining the sites using a S.S. White Airbmslve Unit grit blaster and alumina powder. 
Other panels and damage sites received no preparation of surrounding surfaces. 
Following cleaning, a glass frit mixture of 60 w/o -325 mesh Pyrex frit, 30 w/o -270 
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iuc^luilumlmi (flame apray gi’ade)» lo w /o -.‘J2S meah tunorphoua hor«»u, mixod with - 
Nlcrobnize clcm* cement# waa appH,t^.(?j’neroualv to the. damage, .aite. 

The repaired center panel was alr-dried and tired in a vaemim furnace to 21S0M'’ 
(IRfiJ*' K) for 12 nrinutes and furnace.. 4u><*led. . After renmval, the repaired areas 
appeared eraeked-tmd unfused.- Inveatiga-tien revealed that a vacuum atmosphere had 
been erroneously recommended and that an air or inert gas furnace atmosphere was 
the pi’oper recommendation. It is suggested that the vapor pressure »>f one of the 
constituents or reactive produces may have been itni lilgh at 2iri0‘’ V (l-Sttl'' K) for the 
vacuum atmosphere, and that this material was then lost from the mixture, raising 
the melting t>oint of the resultant mixture, and for(.*stalling fusing at temperature. It 
was decided to reinstall the panel hito the test array since some oxid:Ui(.*n proteetioit 
may have been acci>mplishcd and to further repair if the need an*se. After rcinstal- 
lation the panel I'emained to place without fuTther repjiirs for the balance of 29 thermal 
and no acoustic test-C;Vcles. 

The panel downstream to the center panel Md one through-hole in the skin due to 
thermocouple ckimage and several minor dtunage sites. These were all reiniii’ed by 
filing and scraping aw.ay the oxidation product to clean metal or clean coating and 
applying the same glass frit repair coating mixture as used on the center panel. With 
the panel removed from the array, site preparation ami coating mixture could be applied 
to all sides of a damage site. A second panel with thermocouple damage was repaired 
in the same manner but without removing the panel from the arrjiy. (.inly the upward 
facing side of the skin damage site was available for repair pi’eparation and coating. 

The repair mixture was air dried, fired, and fused with all test hardwaiv reassembled 
in place for test, by using the heating of the next thermal cycle. In this case the repair 
material fused as anticipated forming a glassy repair in and aroxmd the lUimage sites. 

The two panels which were field repaired (one on-site, one in-place) survived 
only ten additional thermal cycles when continued oxidation to the thermocouple damage 
sites indicated a need for a second repair.- The same repair coating glass frit mixtiu'C 
was used but the method of repair site preparation was changed. .\ Weller Minishop 
high six*ed (24,000 rpm) giinder was employed to remove the oxidized and eontaminati’d 
material without remo\ing eiflier panel from the tost ari*ay. All \isual traces of the 
oxide were removed using a 0. 125-inch (G. 31 cm) diameter almasive wheel. The repair 
material was applied as before but from one side only, .and the repair site air dried at 
.'500“ F (nas® K) while installed to the test facility. Fusing was then accomplished dmdng 
the next thermal cycle. The two repairs accomplished in this fashion protected the 
material from further oxidation tlirouglioul the balance of nineteen test cycles. F.xam- 
Ination of these panels after 50 thermal cycles showed that the two in-place field repairs 
math' at Cycle 31 protected the substrate', were well-fused and glassy appearing for a 
minimum distance 0.1 -inch (0.25 cm) concentric to the hole, on both sides of each 

panel. 
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8 CONCUrUENCl m•:^L■VHKS 
8. 1 Conclusioua 

(1) Tho ni^ht-Hi/.o, tUU-sctUu metallic thermal protection ayntem designed smd 
tested in Phase lil ijci’iormotl most euiKtbiy and pi’ovcd to Ijc not only reusable iOi‘ at 
least 30 simulated reettti> fliglits iiml lOO simulated Ixjost liight cycles, but also- rugged 
tuid durable and possessed of a liigli dogi’ee of damage tolcnmce. The heat-sldeld surface 
hardware (i.o,, heat shield panels and panel reUiincrs) remained flat luid free of umle- 
sirti))le distortion throui^Ju>ut testing, thei-eliy validating thcrmal/structural design :md 
analysis, 

(2) Disassembly tmd reassembly of individual heat shield panels, simulating inter- 
flight removal from flight velticles, was demonstrated between test cycles tmd at the 

end of simulated ixscntiy flight's, llefurbisliment tmd repttir of T15 luuxlwure was accom- 
plished, when needed, following disassembly from the system, tmd with the liardware 
in-place in the T1‘S array. Pixjperly applied repttir coatings displayetl good life expectancy. 

(3) Sartngs in weight and cost of the metallic TPS durtog I'huse III lesulted from 
design impixjvemcnts to the components. Rctlosigning to i educe material costs by the 
extended use of clectixm Ijeam welding to build up components, decreased materials costs 
by 70 ijercent, although welding and-macMningjcosts ix>se 50 ijercent. A net cost' leduc- 
tion of 21 percent under Phase II costs resulted from design tmd fabiication improvements 
iiitroducetl into the Pliase III TI^S. 

(4) A major system w'cight Improroment for Phase III over Phase II resulted from the 
chtu%ge to Filjcrfrux ll insulation to roplticc Dyna-Flex, Improveil tliermal efficiency also 
resulted from tills change and potential Icstbig problems with outgassh^ were avoided. 

(5) Design improvements to thieadeil parts were included in Phase III- hardwaro. 
Redesigned coated columbium filler plugs and suiieralloy ptmel retainer Ixilts wero readily 
removed by conventional means lx>th between test cycles and at the completion of testing. 

As anticipated in design, the e^qiendable retainer Ixilts imd plugs were romovable with 
"Fasyout" tools when part damage procluded the use of conventional tools. Removals 
would be required for fli^tTPShaixRvaro for insjx'ction, rofurbishment, repair, and 
replacement. 

(6) The reliability of TPS columbium hardwaro was imiiroved in Phase DU by the use 
of extensive mechanical edge preparation and edge wold fusing of detail parts and subas- 
semblies, roplucing manual edge propamtion of- assemblies pilor to coating. As a- result, 
108 rtb cap edges representing 90 feet (27. 5 m) of coated edges sustained no damage when 
repeatedly ex^xised to the Ml spectnim of simulated fligjit tests. 
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(7) 'Die tost lueilitios -and lirocedutcs, and associatod instrumentutloii and jocomIiiik 
eiiuiiinieiit einployod duiinH: iniuso III, luncUoned satisl'actoiily in imjKjsint? ami ijidicatina 
the ^5imulatc^l lli^llt test environments on tho test T1»S. ^Vn excejition to tliis was the 
inaliility ol ihc multi -panel, thermal-meehanical test facilities to imtKjse or sustain Uie 
ile,-.jied dillercnlial j>rcssiirc load on the test sjxjcimen durin($ thermal ■testin'f*. 


fi. 2 Uecommendations 


( 1) 'Die numher of <?oatlng damage sites, after flight simulation testing, at the 
i nds ol tluf heat shield panels Indicates a need for minor panel design modifications 
to lacilltiite edge finishing and to improve produeibility and coataWUty of the ends. 

Since mid-ijanel tee-members suffered no coating damage, consideration should Ixj given 
lo designing the pmiel end tee-members to a similar configuiutlon. 


(2) Klfecti VC locking methods are needed for threaded parts. Torquing I’oijuirements 
lor the retainer Irolts tmd filler plugs require re-evaluation and correction to higliei- tor que 
irr eloiuls commensurate with the materials and the fastener oper ating conditions. The 
coating ol the thr eads becomes jrart of tiris consideration due to the tendemry of tiie coatings 
on mated thread suriaecs to interxlifluse under rcireated r’ecntry heating. During Phase III, 
eoaierl tiller* plugs Ijceaine Ijonded to the aluminide coated, r etainer* )x>lts. In some 


in.-<vancc.s, when these were disassembled, the tiller plugs were torqued to failure. Exam- 
rnation sliowed that the aluminide coating was not diffused pr*oi)et ly uixm application to tire 
ictaiiicr’ Irolts, ;uid it tended to "shell" off, crumble, and to lock the mated threads. A 
r eview f>f other coatings and coating processes for* fasteners is war t anted. 


(:;) 'I'hc number rrf hardware damage sites that were attributed lo coating problems, 
iridicat»*H a need lor* trontlnued work In the control of coating materials and formulations, 
raid in thrr application and distribution of coating materials on TPS hardware. The coat- 
ing ol intecioi* surfaces, especially small diameter interior surfaces, requires particu- 
lar all! ution. till, )i*r>v< merits are needed for predicting the life exix'cUmcy of coatings 
and lor* detecting those coating disparities which foreshortened tho protective function 
ol coating'i. Coating non-destructive evaluation techniques should be pursued wliieh would 
enable 100 ixrcent iirspeetion of all coated surfaces, edges, and ends for* T1»S hartlware. 


(i) All bum-through electron Ixram structural wolds slrouW Ixr lbllowc*d by a weld 
pass Wltli arlded tiller material to replace tho weld material diaidaced to form llie weld 
lillets. I his will increa.se the cross-section of tho welds, r*ernovo the irolcntiai notch, 
and jiir*re;i;K5 the weld strength, 

<o) Columbiuin alloys solcclcfl for coated Tl^ hardware sliould jKr.sr.i sK good weld- 
ability and lor*mabillty in those matoi*ial sections contemplated for fal)ri<*aUon tuvl should 
r etain these properties alter rcireated minealing and creep flaUening o|ter alions. 


^i) 'I’he of thu 'I'yS test fixture and tlio edae runditions and edae panels uf the 

lesl specimen should Ikj reviewed mttl modified to isolate, ..^ts mueli as (xissible, the test- 
specimen frtMJt fixture ed^e effects* Dujrlng Phase III thermal testing, the edge elTec-ls 
i*nd ext'-eme tiiermul gnulients existing between the test specimen imd the test fixture 
ci cuted im unnecessary number of test-peculiai* coiulitions, damage sites» and panel 
wuiiiage. Attention should Ixi directed to tlu; inclusion of "ijoiler plate?' edge members 
lur isolating the test s|)ecimen, to a hot versus cold test fixture frame, and to fhormol 
freedom for thtJ fixture, such as employe<l during Phase II testing. 

(7) TIk* sheathing material for lilgh temperature thermocouples which contacts 
siliclde coated columblum during test should lx* compatible with the coating under all 
test conditions. The use of a ljuffer or barrier material for separation of the thenno- 
couple and the coating should be considered. 

(8) Tliecmocouples should lx; located throughout the test s)x;cimen so that they indi- 

cate true site temperatui'cs, uninfluenced by artificial, test-i;eculiar heat shorts such as 
introduced by thermocouple probes. .. . 

(9) All removal im<l reassembly tools :uul handling dcN'ices should lx; coated with 
duralde plastic to prevent damage to coated hartlware. 

(10) Ucmovol of surfcice hardware for Inspection of unexposed coated surfaces for 
dmnagi' should not lx* necessary before the end of the 20th flight cycle. The Phase in 
TPS barchvare hsis showm go<xl damage tolerance and durability, if damaged, and should, 
experience no coulbig damage early hi the system life. 


AI»PENDIX A 


CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 


The International System of Units (designated SI) was adopted by the Eleventh 
General Conference on Weights and Measures in 1960, The Units and cemversion 
factors used in this report are taken from 6r based on NASA SP-7012, ’The Inter- 
national System of Units,. Physical Constants and Conversidn Factors — Revised, 

1969". 

The following table expresses the definitions of miscellaneous units of measure as 
exact numerical multiples of coherent SI units, and provides multiplying factors for 
c<mVerting numbers and miscellaneous units to corresponding new numbers of SI units. 

The first two digits of each numerical entry represent a power of 10. Ah asterisk 
follows each number that ei^resses an exact definition. For example, the entry 
"-02 2.54*" expresses the fact that 1 inch - 2,54 x 10"^ meter, exactly, by definition. 
Most of the definitions are extracted from National Bureau of Standards documents. 
Numbers not followed by an asterisk are. only approximate representations of defini- 
tions, or are the results of physical measurements. 


ALPHABETICAL USTING 


To convert from 

to 

multiply by 

atmosphere (atm) 

newtons ^neter^ (N/m^) 

•t-05 

1.0133* 

British thermal unit, mean (Biu) 

joule (J) 

4^03 

1.056 

Fahrenheit (F) 

kelvin (K) 

tit “ (*f '^59. 1 

foot (ft) 

meter ^) 

-01 

3.048* 

inch (in.) 

meter (m) 

-02 

2.54* 

tail 

metec..(m) 

-05 

2.54* 

taiUitaeter of mercury (mm Hg) 

newtbn/meter^ (N/m^) 

402 

1.333 

nautical mile, U.S. (n.mi.) 

meter (m) 

403 

1.862* 
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APPENDIX A - continued 


To convert from 


to 


multiply by — 


pound force (Ibf) 

newton (N) 

+00 

4.448* 

pound mass (U>m) 

kilogram (kg) 

-01 

4.636* 

torr 

newton/teeter^ (N/m^) 

+02 

1.333 

PHYSICAL QUANTITY. LISTING 




Acceleration 



foot/second.2 (ft/sec^) 

meter/seccmd^ (m/sec^) 

-01 

3.048* 


Area 



foot2 (ft2) 

meter2 ^2^ 

-02 . 

, 9.290* 

inch^ (to^) 

meter^ (m^) 

-04 

6.452* 

Inch^ 0n^) 

eaitimeter^ (cm^) 

+00 

6.452 


Density 



poimd mass/foot^ (pcf, Ibjjj/ft^) 

kilogram /meter® (kg/m®) 

+01. 

1.602 

pound mass/inch® (lbm/l»^) 

kilogram Aneter® (kg/io^) 

3 ^ 

gram/centimeter (g/cm ) 

+04 

2.768 

pound mass/inch® 

+01 

2.768 


Energy 



British thermal unit, mean (Btu) 

Joule (J) 

+03 

1.056 


Energy /Area Time 



BtuAoo^ sec(md (Btu/ft^ sec) 

watt/ineter2 (w/m®) 

+04 

1.186 


kilogram force (kg^) 
pound force (Ibf ) 


Force 

newton (N) 
newton (N) 


+00 9.807* 

+00 4.448* 


APPENDIX A — Continued 


To convert from. 

to 

multiply by 


Length 



foot (ft) 

meter (m) 

-W 

3.048* 

inch (in. ) 

meter (m) 

.02 

2.64* 

micron 

meter $tn) 

-06 

1.00* 

mil 

meter (m) 

-0$ 

2.64* 

mile, U.S. nautical ^.mi.) 

meter On) 

•fOS 

. 1.852* 


Mass 



pound mads (Ibjn) 

kilogram (kg) 

-01 

4.636* 


Pressure 



atmosphere (atm) 

newton Aneter^ (N/m®) 

•1-05 

1*013* 

millimeter of mercury 0«m Hg) 

newton Aneteri-(N/m®) 

-1^02 

1.333. 

pound/loot^ (psf, Ibf/tt^) 

newton/meter® 

-i-Ol 

4.788 

pound/toch^ (psi, %/in^) 

A O 

newton/meter^ (N/m ) 

-1-03 

6.895 


Temperature 



Fahrenheit (P) 

Kelvin (K) 

tfe » (5/9) Clf + 459. 


Volume 



foot^ (ft®) 

meter® 

-02 

2*832* 

Inch® (in®) 

meter® (m®) 

-06 

1.639* 

inch® 0n®) 

centimeter® (cm®, cc) 

-oi 

1.639 


f 
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APPENDIX A - Concluded 
PHEFIXES 

The names of multtples and submultiples of SI wits may be formed by application of 
the prefixes: 


Multiple 

Prefix 

10”'® 

micro (u) 

CO 

t 

o 

mini 031) 

10-2 

centl (c) 

10-1 

decl (d) 

10® 

tdlo (k) 

10® 

mega (M) 

10® 

glga (G) 
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APPENDIX3. 


ACOUSTIC TEST DATA 

The data^resented herein are accelerometer power spectral density plots for nine 
locations in the centertest region.of the nine-panel test specimen (Figure 6-5). 

This data is for one test cycle at the hig^. (158 dB) .overall sound pressure, level. All 
test data were reviewed and for purposes of calculations, the data from test cycle 
number 1 was used since these data displayed values which v;ere generally close to 
the maximum. The accelerometer outputs were recorded on magnetic tape and 
reduced to the form of power spectral density plots. Acoustic levels were measured 
18 inches (45. 7 cm) from the test specimen face. Acoustic levels wei« also record- 
ed on magnetic tape and reduced to octave band sound pressure levels (Figure 6-40). 
Since the data shows no significant shift in the recorded hmdamental frequency, it 
was assumed that no structural degradation of the system had occurred. Post test 
disassenohly.^d- examination confirmed this assumption. 
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APPL'NDIX B - Cmitlnucd 
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FREQUENCY - Hz 

Figure B-4« Accelerometer No, 4, 158 dB OASPL, Cycle ^ 
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FREQUENCY - Hz 

Accelerometer No» S, 158 dB OA&PL, Cycle No, 
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APPKNDDC C 

hecommenued ti«tp test parameters 


rhe specimen tlcscriljed In Seetton 3.2 and shown in Figure 6-2 was <*eslgned 
ing In the NASA Ljmgley Research Center. ITiermal Protection 
f rPSTF). This tuhncl is Intended to provide a thermal environment at Mach 3. 6 to 
4 5 over a 2 by 3 ft. (61 by 91 cm) model surfece. The expected maximum tow en- 
uialw (»T) the test gss wUl be 3820 BhlAbm («• *8 MJ /kg). This is oMsl^ by to 
eondlistlon of methane (CII4) with oxygen-enriched air. A schematic of the tunnel Is 

shown In Figure C-1. 

The recommended procedure la to establish supersonic air flow In the tumel toUw^ 
by Ignition of u lean mixture of CH4. This will provide an Initial low heating rate over 
tli^. lust panel. [Based on previous thermal flow tests on columbium alloy 
(Ueferences lb and 13) the recommended maximum rate of rise is 25 F/sec. 
sec). ! A schedule of required heating with time will be programmed by controlung 
oxN'gen-enrichcd air mass flow and CH4 ratios. The theoretical values of thero com- 
ponents with comlmstor total enthalpy is shown in Figure C-2. Presented in Figuin 
C-3 is the performance enveloiie of heat shield surface pressure and temper^re that 
is exijectcd to Ijc obtained in the tunnel. The corresponding ti^'oretlcal wall haating 
rates are presented in Figures C-4, C-5, and C-6. Shear forces are obtal^d from 
Figure C-7. Tunnel testing time will be limited by the. supply of.oxygen, air.* add 
methane, and the transient heaUng rate schedule. A low heating rate sclwdule wiU 
give testing times up to 1500 seconds while it will bo 400 seconds at a high heanng 

rate schedule .r 

Tlxe entry history of panel surface temperature, heating rate and waU pressure ^sir- 
ed for tunnel simulation is presented in Figure C-8, which shows a tunnel test time of 
2500 seconds. It Is noted that the higlx heating rates schedule tliat is rec^dred 
300 seconds wiU deplete the supply system very rapidly. Since the . 

panel tost is to simulate the high surface temperature and that only about 600 seconds 
of testing will bo available for this test, a surface temperature schedule such as 
pmsonted in Figure C-9 is recommended. As noted, the transient surface tempera- 
turo rise and cooldown wiU lie sUghtly less than 25*F/second 

testing time within the available Uralt of 600 seconds. By staying Within this Uml I 
will assure control of the panel cooldown schedule. Also, the required he^ng rate 
and available pressure of the 1T>STF tunnel is Indicated. It is f 

surface will radiate to the tunnel water-cooled wall which is expected to be at 100 
(556“ K) during tuimel oiieration at the hl^ heating rates. 
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Thermal Protection System Test Facility - TPSTF 



APPENDIX C - Continued 
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SURFACE PRESSURE (Atm) 


APPENDIX C - CouUnut'd 



Flf^u’e C-3. NASA Langley TP8TF Capability for Structures - Panel Testing 


1.1 






APPENDIX C - (-ontlnued 


20 Atm 
P* = 10 Atm 


RAD EQ (e»0.8) 


EQUILIBRIUM TEMPERATURE (•Rx10"2) 

Figure C-4. Variation of TPSTF Heating Hate With Model Wall 
Temperature* H<j< Combustor ~ 1200 BtuAbm 


”t ® 5 Atm 


t *2 Atm 


EQUILIBRIUM TEMPERATURE (*RxlO"2) 

Figure C-5. Variation of TPSTF Heating Rate with M^el Wall 
Temperature, Hm Combustor ® 3000 












EQUILIBRIUM TEMPERATURE (•Rx10“2) 

Figure C-6. Varlattoii of TPSTP Heating Rate with Model WaU 
Temperature, Combustor = 4400 Btu/lh^ 









SHEAR FORCE (lbf/f1?) 


APPENDQC C - Continued 



Figure C-7, Shear Forces on Walls of Test Panels in TPSTF 






TEjVI 


APPENDIX C - Concluded 



TIME (sec) 

FlKure C-9. Proposed Colunblum Alloy Panel Surface Test 
Condlttons to be Simulated In the TPSTF Tunnel 
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